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ABSTRACT 
Microorganisms are ubiquitously distributed across all aquatic habitats, but it is 
the environmental conditions of a habitat that determine which microorganisms can 
thrive in terms of abundance or metabolic activity. Habitats that experience consistent 
physical and chemical environmental conditions repeatedly favor specific taxonomic 
groups which may result in a microbial assemblage that is commonly associated with that 
habitat (i.e., a core microbiome). Core microbiomes have been identified for a variety of 
natural marine habitats including methane seeps, wood falls, octocoral, and deep-sea 
sediments. However, it was unknown if the presence of man-made structures on the 
seafloor, including historic shipwrecks, also resulted in a distinct core microbiome. To 
determine how historic shipwrecks impact sediment microbiomes under varying 
environmental conditions, the influence of these structures was examined through 
bacterial and archaeal 16S rRNA gene amplicon analysis. A distinct sediment core 
microbiome of wooden-hulled shipwrecks was identified for both bacteria and archaea. 
Variation of the core microbiome was explained by sediment depth, porosity, total 
inorganic carbon, and total nitrogen. Results from this study demonstrate that historic 
shipwrecks on the seafloor modify natural environmental conditions and shape sediment 
microbial communities. 
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1.1 Introduction 
1.1.1 Microbial Biogeography 
Biogeography is the study of non-random spatial and temporal distributions of 
organisms. Current research in microbial biogeography seeks to understand variations in 
the appearance of organisms and the ecological mechanisms that drive observations 
(Martiny et al., 2006, Ramette & Tiedje, 2007, Hanson et al., 2012). Biogeographic 
patterns result from the interaction of speciation, dispersal, drift, and natural selection 
(Vellend, 2010, Hanson et al., 2012). At the most basic level, organisms are added to a 
community through speciation, which is the formation of a new species through 
evolution, and through dispersal, the movement of organisms across space, which may 
result in the appearance of a species in a new location (Vellend, 2010). After being added 
to a community, organisms are influenced by genetic drift and natural selection. Drift 
explains random changes in the abundance of species due to birth, death, and migration 
(Martiny et al., 2006, Vellend, 2010), while natural selection is the favoring of organisms 
based on their fitness under current environmental conditions (Vellend, 2010). These 
ecological mechanisms vary over space and time and work together to generate and 
sustain biogeographic patterns (Vellend, 2010, Hanson et al., 2012).  
Although the same ecological mechanisms control the biogeography of all 
organisms, microorganisms may have a greater potential for drift and dispersal, based on 
their unique characteristics (Martiny et al., 2006). Compared with eukaryotes, 
prokaryotic microorganisms generally have shorter generation times, potentially resulting 
in higher rates of genetic drift. The cell density of aquatic microorganisms in the euphotic 
zone of oligotrophic waters along the continental shelf average 5 × 105 cells/mL, while 
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cell densities below the euphotic zone are lower, averaging 5 × 104 cells/mL (Whitman 
et al., 1998). High cell density combined with the small size of prokaryotes (0.2 𝜇m −
2 𝜇m) (Kirchman, 2008) enables passive dispersal. Additionally, the production of spores 
or cysts by some prokaryotes (Müller et al., 2014) allows transport across inhospitable 
environments resulting in their appearance in new locations.  
The enhanced potential for drift and dispersal afforded to prokaryotes, based on 
the characteristics described above, creates the potential for microorganisms to encounter 
a variety of different habitats. The habitat that is encountered along with its physical, 
chemical, and biological conditions dictate the microorganisms that will be able to 
flourish (Martiny et al., 2006, Hanson et al., 2012). The nexus between microbial 
dispersal potential and habitat encounter was first described by the Baas-Becking 
Hypothesis of “Everything is everywhere: but the environment selects” (Baas-Becking, 
1934). This hypothesis proposed the idea that the unique characteristics of 
microorganisms (size, generation time, spore formation) provide the potential for them to 
be distributed anywhere. If that is the case, then the environmental conditions of a habitat 
that they encounter will favor the growth and proliferation of specific microorganisms 
adapted to that habitat, allowing them to dominate it in terms of abundance or metabolic 
activity (De Wit & Bouvier, 2006, Nemergut et al., 2011, Xiong et al., 2014).  
Recently, studies have evaluated the effect of habitat type on microbiome 
composition. For example, a global study of 23 cold seeps from the Atlantic Ocean, 
Pacific Ocean, Mediterranean Sea, Black Sea, Gulf of Mexico, and Gulf of Cadiz 
revealed that cold seeps are consistently dominated by Caldilineales, Desulfobacterales, 
and Spirochaetales (Ruff et al., 2015). Another study conducted on microbiomes from 
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isolated, active hydrothermal vents in the Southern Mariana Trough of the Pacific Ocean 
showed that microbiomes were statistically the same and were dominated by 
Epsilonproteobacteria and thermophilic phyla (Kato et al., 2010). In both of these studies, 
sampling locations were geographically separated, but similar microbial communities 
were found dominating them. This may be because microbial composition of habitat 
types is determined by two conditions: the contemporary environment and historical 
processes (e.g., dispersal limitation and past evolutionary events) (Martiny et al., 2006). 
A review of microbial biogeography studies demonstrated the importance of these two 
conditions by identifying significant correlations of microbiome composition with 
contemporary environmental variables and historical processes in 92.6% and 68% of 
studies, respectively (Hanson et al., 2012). Therefore, a habitat type’s microbiome 
composition may be strongly influenced by the habitat type’s contemporary environment. 
1.1.2 Marine Sediment Microbiomes 
1.1.2.1 Global Continental Shelf and Slope Sediment Microbiomes 
 Similar microbial community compositions have been observed in continental 
shelf and slope surface sediments worldwide (Bowman & McCuaig, 2003, Polymenakou 
et al., 2009, Schauer et al., 2010). In oxic, surficial sediments from the Arctic, abundant 
bacterial taxa include Acidobacteria, Actinobacteria, Alphaproteobacteria, Bacteroidetes, 
Chloroflexi, Deltaproteobacteria, Firmicutes, Gammaproteobacteria, Planctomycetes, and 
Verrucomicrobia (Hamdan et al., 2013). Many of these taxonomic groups were also 
found to be abundant in sediments from the Antarctic (Bowman & McCuaig, 2003), the 
Mediterranean Sea (Polymenakou et al., 2005, Polymenakou et al., 2009), the Pacific (Li 
et al., 2008, Ruff et al., 2013), and the South Atlantic (Schauer et al., 2010). Other 
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bacterial taxa are commonly found but occur in lower abundances in these sediments. 
These groups include Betaproteobacteria, Epsilonproteobacteria, Flavobacteria, 
Gemmatimonadetes, Nitrospirae, Spirochaetes, and candidate divisions (Bowman & 
McCuaig, 2003, Polymenakou et al., 2005, Li et al., 2008, Polymenakou et al., 2009, 
Hamdan et al., 2013, Ruff et al., 2013).  
The archaeal communities of oxic, surficial sediments are typically dominated by 
a single taxonomic group (Bowman & McCuaig, 2003, Li et al., 2008, Liu et al., 2015, 
Wang et al., 2018). Thaumarchaeota (previously known as Marine Group I) composed up 
to 83% and 98% of the archaeal community on the Antarctic shelf and in the Pacific’s 
Monterey Canyon, respectively (Bowman & McCuaig, 2003, Goffredi et al., 2008). The 
composition of the rest of the archaeal community varies based on location and may 
include Bathyarchaeota (formerly referred to as the Miscellaneous Crenarchaeotic 
Group), Deep Sea Euryarchaeotic Group (DSEG), Group C3, Marine Benthic Group A 
(MBGA), MBGB, Marine Benthic Group D (MBGD), Marine Benthic Group E 
(MBGE), Thermoplasmata,  Methanomicrobia, Methanobacteria (Li et al., 2008, Liu et 
al., 2015, Wang et al., 2018).  
It has been proposed that dominant organisms arise because the habitat is suitable 
for their growth and metabolism (De Wit & Bouvier, 2006). The abundant taxonomic 
groups of shelf and slope sediment systems may be dominant because of their metabolic 
strategies. For example, members of Bacteroidetes obtain energy from the degradation of 
organic matter (Gómez Pereira, 2010), which is broadly available in sediments along 
continental margins (Orcutt et al., 2011). The degradation of organic matter produces 
smaller molecules such as fatty acids (Orcutt et al., 2011) that can then be utilized by 
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members of Chloroflexi (Wasmund et al., 2014). The breakdown of nitrogen-containing 
organic matter produces ammonium which can then be used by members of 
Planctomycetes (Fuerst, 2004) and Gammaproteobacteria (Orcutt et al., 2011) to mediate 
anammox, a process through which dinitrogen gas is produced through the conversion of 
nitrite and ammonium (Orcutt et al., 2011). Ammonium can also be converted to nitrate 
through ammonia oxidation by members of Thaumarchaeota (Crespo‐Medina et al., 
2016). Alternative metabolic strategies to using organic matter and its breakdown 
products include the use of metals, such as iron. Reduced iron migrates upwards through 
diffusive processes into marine sediments where it can be oxidized by members of 
Alphaproteobacteria and Gammaproteobacteria (Edwards et al., 2003). Therefore, the 
ability of these taxonomic groups to use dominant metabolites found in surface, marine 
sediments may have resulted in their abundance in continental shelf and slope sediments.  
1.1.2.2 Gulf of Mexico Sediment Microbiomes 
Like other continental shelf and slope systems, sediments in the Gulf of Mexico 
(GOM) are dominated by specific microbial taxonomic groups. However, the dominant 
taxonomic groups in the GOM vary by region due to the influence of the Mississippi 
River. This river serves as a source of nutrients and microorganisms to marine waters, 
resulting in increased pelagic microbial diversity near the river (Mason et al., 2016). 
Microorganisms attached to particles from river discharge are deposited through 
sedimentation and influence sediment community composition (Fuhrman et al., 2015, 
Ortmann et al., 2018). Distance from the Mississippi River, water depth, and factors 
associated with water depth (e.g., temperature, dissolved oxygen, and pressure) have been 
found to influence surficial sediment communities in various regions of the GOM, 
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resulting in similar community composition but varying community structure (Godoy-
Lozano et al., 2018, Jiménez et al., 2018).  
Bacterial communities in the northern GOM’s Mississippi Canyon and Desoto 
Canyon are dominated by Acidobacteria, Alphaproteobacteria, Bacteroidetes, 
Chloroflexi, Deltaproteobacteria, Gammaproteobacteria, Planctomycetes, and 
Verrucomicrobia  (Kimes et al., 2013, Brooks et al., 2015, Vigneron et al., 2017), while 
Bacteroidetes, Chloroflexi, Deltaproteobacteria, Epsilonproteobacteria, Fusobacteria, and 
Planctomycetes are dominant in the eastern GOM at the base of the Florida Escarpment 
(Reed et al., 2006). In the northwestern GOM’s Alaminos Canyon and Perdido Fold Belt, 
Acidobacteria, Alphaproteobacteria, Bacteroidetes, Chloroflexi, Deltaproteobacteria, 
Gammaproteobacteria, Gemmatimonadetes, NC10, Nitrospirae, and Planctomycetes are 
highly abundant (Crespo‐Medina et al., 2016, Jiménez et al., 2018), but in the 
southwestern GOM off the coast of Mexico, Actinobacteria, Alphaproteobacteria, 
Clostridia, Deltaproteobacteria, Gammaproteobacteria, Nitrospira, and Phycisphaera are 
the most abundant (Godoy-Lozano et al., 2018). Archaeal communities in the northern 
GOM are composed of Bathyarchaeota, DSEG, Euryarchaeota, MBGA, MBGB, MBGD, 
MBGE, and Thaumarchaeota (Pi et al., 2009, Kimes et al., 2013, Brooks et al., 2015, 
Underwood et al., 2016, Vigneron et al., 2017). In the eastern GOM, ANME (clades 1 
and 2), Crenarchaeota, and Euryarchaeota are observed (Reed et al., 2006), and in the 
northwestern GOM, Bathyarchaeota, Crenarchaeota, Euryarchaeota, and Thaumarchaeota 
are found (Crespo‐Medina et al., 2016, Jiménez et al., 2018).  
The dominant microbial taxonomic groups of surface sediments (0-2 cm) near 
shipwrecks (100-200 m away) that are located along the northern GOM continental shelf 
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and slope have also been examined (Hamdan et al., 2018). These microbial communities 
were composed of the same taxonomic groups that were also found in other sediments 
from the northern GOM (Pi et al., 2009, Kimes et al., 2013, Brooks et al., 2015, 
Underwood et al., 2016, Vigneron et al., 2017). The bacterial communities of sediments 
associated with the shipwrecks were dominated by Acidobacteria, Alphaproteobacteria, 
Bacteroidetes, Chloroflexi, Deltaproteobacteria, Gammaproteobacteria, 
Gemmatimonadetes, and Nitrospirae, while archaeal communities were dominated by 
Bathyarchaeota, Thaumarchaeota, MBGA, MBGB, and Methanobacteria.  
1.1.3 Core Microbiomes 
Core microbiomes are assemblages of microorganisms that are commonly 
associated with a habitat type (Shade & Handelsman, 2012). They are likely formed 
when the environmental conditions of a habitat repeatedly favor specific microorganisms 
suited to those conditions (Bienhold et al., 2016). Core microbiomes have been identified 
for a variety of deep-sea habitat types including methane seeps (Ruff et al., 2015), 
seafloor massive sulfide deposits (Kato et al., 2015), wood falls (Bienhold et al., 2013), 
octocorals (Kellogg et al., 2016), and sediments (Bienhold et al., 2016).  
The core microbiome of deep-sea surface sediments may have formed as a result 
of  uniform environmental conditions (Bienhold et al., 2016). Deep-sea surface sediments 
are characterized by low temperatures (less than 4°C), high hydrostatic pressures (up to 
1,100 bar), absence of light, and high energy availability in the form of oxidizable and 
reducible compounds (Jørgensen & Boetius, 2007, Orcutt et al., 2011, Thurber et al., 
2014). A global study that included all major ocean basins (Indian Ocean, North-East 
Atlantic, South Atlantic, Eastern Mediterranean, Arctic Ocean, North Pacific, and South 
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Pacific) identified a sediment core microbiome in more than 90% of samples (Bienhold et 
al., 2016). This core microbiome constituted 6.2% of all sequences in the study and was 
composed of 18 operational taxonomic units (97% OTUs) belonging to 
Gammaproteobacteria, Acidimicrobia, Gemmatimonadetes, JTB23, SPOTSOCT00m83, 
Alphaproteobacteria, and Flavobacteria. Results of this global study indicated that only a 
few OTUs are truly cosmopolitan and that most sediment microorganisms are endemic. 
Deep-sea surface sediments from the southwestern GOM were also found to host a core 
microbiome. It was present in all samples and was composed of 450 genera including 
Thioprofundum, Rhodovibrio, Desulfovibrio, Desulfonatronum, Pelobacter, JTB255 
marine benthic group, Spongiispira, Colwellia, Geoalkalibacter, Dehalogenimonas, 
Phycisphaera, and others (Godoy-Lozano et al., 2018). The increased number of 
taxonomic groups in the regional core microbiome further supports the idea that there are 
more endemic taxa in the core microbiome when samples are from a similar environment.  
1.1.4 Potential Influence of Shipwrecks on Sediment Microbiomes 
In the northern Gulf of Mexico, there are over 2,000 shipwrecks on the seabed 
that are interacting with the deep-sea environment (Damour et al., 2016). Shipwrecks are 
known to impact the surrounding environment in three ways: by altering physical 
properties of the sediment (Quinn, 2006), by changing the chemical regime of the 
sediment (MacLeod et al., 2004, Fors et al., 2012), and by attracting organisms (Hall et 
al., 1993, Ruuskanen et al., 2015). Recently, sediments from six deep-water historic 
shipwrecks in the northern Gulf of Mexico were found to host greater microbial diversity 
near the shipwrecks (2 m) compared to further away (100 – 200 m) (Hamdan et al., 2018) 
which may indicate that shipwrecks provide a specialized habitat for microorganisms. 
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1.1.4.1 Physical Factors 
A shipwreck’s presence on the seafloor may impact sediment microbiomes by 
altering physical properties of the surrounding sediment. The initial impact of a 
shipwreck displaces sediment into the water column creating a substantial sediment 
plume (Kery & Stauffer, 2015), which could initially impact the porosity (i.e. water 
content) of the surrounding sediment. Additionally, structures on the seafloor initiate 
liquefaction, a process by which porosity and material loss is enhanced (Quinn, 2006). 
Changes in porosity affect microbial communities by influencing the transport of fluid 
and chemicals in sediments (Orcutt et al., 2011) and by increasing the deposition of 
microorganisms to sediments (Hamdan et al., 2013). Deep-sea surface sediment studies 
have shown that porosity correlates with shifts in microbial community composition 
(Hamdan et al., 2013) and bacterial abundance (Hewson & Fuhrman, 2007). Thus, 
changes in sediment porosity near shipwrecks may provide insight into how these 
structures have physically disturbed the environment and how that disturbance has 
influenced microbiomes in the surrounding sediment. 
Microbiomes are also influenced by changes in hydrographic regimes due to relief 
on the seafloor (Danovaro et al., 2009, Mendonça et al., 2012, Djurhuus et al., 2017). 
Although it is unknown how sediment microbiomes are impacted by changes in 
hydrography due to shipwrecks, the effects of other seafloor features such as seamounts 
have been documented (Danovaro et al., 2009). Seamounts are isolated, cone-shaped 
elevations that interact with bottom currents. This interaction results in the entrapment of 
particles, which increases both bacterial and archaeal abundance and biomass as well as 
bacterial richness. Shipwrecks on the seafloor alter hydrographic regimes in similar ways 
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as seamounts, by altering flow velocity and turbulent intensity (Sumer et al., 2001, 
Quinn, 2006). These alterations cause vertically sinking and horizontally transported 
particles to be trapped by the shipwreck resulting in the formation of sediment mounds, 
ridges, and troughs (Quinn, 2006), which may impact microbial deposition.   
1.1.4.2 Chemical Factors 
Shipwrecks may impact sediment microbiomes by providing metabolic substrates. 
Organic matter (OM) is an important source of carbon and energy for heterotrophic 
metabolism in sediments (Orcutt et al., 2011). Plankton biomass and terrestrial plant 
matter are the principle sources of OM in the northern Gulf of Mexico shelf and slope 
systems (Goñi et al., 1998). OM concentration influences deep-sea surface sediment 
microbiomes on local (Hewson & Fuhrman, 2007), regional (Jacob et al., 2013), and 
global scales (Zinger et al., 2011) with differences in OM availability shaping microbial 
abundance (Hewson & Fuhrman, 2007, Deming & Carpenter, 2008) and community 
structure (Zinger et al., 2011, Giovannelli et al., 2013, Jacob et al., 2013, Bienhold et al., 
2016). The delivery of OM to sediment is typically controlled by flux from the euphotic 
zone (Karl et al., 1988), distance from land (Orcutt et al., 2011), and upwelling (Henrichs 
& Farrington, 1984), which results in less nutrient availability at deeper sites and greater 
nutrient availability along continental margins and upwelling regions.  
Since wood is a type of organic matter, the degradation of wooden-hulled 
shipwrecks may impact sediment microbiomes by providing a local source of OM. The 
influence of parcels of sunken wood on the seafloor (i.e., wood-falls) (Bernardino et al., 
2010) on sediment geochemistry and sediment microbiomes have been examined 
(Palacios et al., 2009, Bernardino et al., 2010, Bienhold et al., 2013) and may provide 
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insight into the processes occurring at wooden-hulled shipwrecks. As wood-falls decay, 
nutrients are leached into surrounding sediments resulting in a substantial enrichment of 
organic carbon (3-6 times elevation) in nearby sediments (0-2 m) after 3 years 
(Bernardino et al., 2010). Additionally, degradation of wood-falls through microbial 
respiration of carbon decreases oxygen in sediment beneath the falls (Palacios et al., 
2009, Bienhold et al., 2013) resulting in the formation of anoxic zones (Bienhold et al., 
2013), which alters sediment microbial community structure (Palacios et al., 2009). 
Bacterial degradation also results in the accumulation of sulfur compounds such as thiols 
within wood and iron (II) sulfides and pyrite in sediment (Fors et al., 2012). Because 
microorganisms can utilize metals such as Fe(II) as a source of energy, the diffusion of 
heavy metals and their complexes into sediments may influence microbiomes (Orcutt et 
al., 2011). Therefore, wooden-hulled shipwrecks may influence the environment beyond 
their physical structure and may provide a habitat that favors microorganisms suited for 
an altered geochemical regime.  
1.1.4.3 Biological Factors 
Shipwrecks may be impacting sediment microbiomes by functioning as artificial 
reefs. They create hotspots of biodiversity that are dissimilar from the surrounding 
seafloor (Steimle & Zetlin, 2000, Walker et al., 2007, Zintzen et al., 2008). Shipwrecks 
provide a complex habitat of solid substrata in an otherwise soft bottom environment, 
which attracts epibenthic and macrofaunal organisms (Walker et al., 2007, Zintzen et al., 
2008, González-Duarte et al., 2017) as well as macroflora in shallow-water habitats 
(Zintzen et al., 2008). Additionally, increases in infaunal abundance in sediments 
proximate to shipwrecks have been observed (Hall et al., 1993, Ruuskanen et al., 2015). 
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A study of the shallow-water shipwreck, Vrouw Maria, demonstrated higher infaunal 
abundance on the eastern side of the vessel (Ruuskanen et al., 2015). In a similar study, 
three transects (~350 m long) taken around a shallow-water shipwreck identified that the 
surrounding infaunal communities created a concentric spatial pattern around the vessel 
that was primarily structured by organic carbon content (Hall et al., 1993). It was 
hypothesized that this pattern resulted from the depletion of organic matter near the 
shipwreck which forced infauna to move outward in search of metabolites. These 
concentric patterns were later described as a ‘halo’ effect on biodiversity (Posey & 
Ambrose, 1994). A study of a shallow-water offshore artificial reef, identified a ‘halo’ 
effect on fish and infaunal abundance as well as infaunal taxon richness at a distance of 
30 m, resulting in an influence that was 15 times the area of the reef (Reeds et al., 2018).  
A study by Hamdan et al. (2018) provided the first evidence that shipwrecks 
influence sediment microbiomes surrounding the shipwrecks. This work demonstrated 
that there is a decrease in microbial Shannon diversity with distance from six deep-water 
historic shipwrecks. Sediments proximate (2 m) to the shipwrecks had an average 
diversity of 8.9, while sediments 100 – 200 m away had an average diversity of 7.7. 
Compared to the microbial diversity found in other deep-sea surface Gulf of Mexico 
sediments (4.3) (Crespo‐Medina et al., 2016), the microbial diversity in sediments 
surrounding the shipwrecks was much higher, potentially reflecting the influence of these 
shipwrecks on microbial community diversity.  
Although it has been shown that a shipwreck’s presence on the seabed impacts 
sediment microbiome diversity (Hamdan et al., 2018) as well as the physical (Quinn, 
2006), chemical (Fors et al., 2012), and biological (Hall et al., 1993) regimes of the 
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surrounding sediment, it remains to be seen if a shipwreck’s presence results in a new 
type of microbial habitat that consistently favors specific microorganisms. To date, no 
studies have been conducted to determine if the presence of human-made structures 
results in a distinct core microbiome that are associated with them. To better understand 
the microbial response to the presence of shipwrecks, this study will identify and 
compare sediment core microbiomes from shipwrecks and reference sites and will 
identify the environmental factors that influence it. 
1.2 Methods  
1.2.1 Study Sites 
Five shipwrecks were selected for this work. Three are 19th century, wooden-
hulled, copper-sheathed vessels, and two are World War II, steel-hulled vessels. 
Additionally, one reference site was selected for comparison (Figure 1.1).  
1.2.1.1 19th Century Shipwrecks 
The Ewing Bank Wreck is a wooden-hulled, copper-sheathed sailing vessel from 
the 19th century that was discovered by an oil and gas survey in 2006 (Brooks, 2013). The 
vessel is ~45 m long with a 10 m beam and maximum relief of ~2 m. The vessel rests 
unevenly on the seafloor at a depth of ~600 m on a slope with an average gradient of 1° 
south and leans with a maximum angle of 7° west. There are two small debris fields lying 
along the vessel’s sides with one on the port side of the hull and another at the stern. 
Extensive Lophelia coral colonies, vertebrates, and invertebrates were observed 
inhabiting the shipwreck.  
The Mica Wreck is a wooden-hulled, copper-sheathed two-masted schooner from 
the 19th century that sank in the Mississippi Canyon area (Atauz et al., 2007). It was 
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found during an oil and gas pipeline inspection in 2001. The vessel is ~20 m long with a 
6 m beam and rests evenly on the seafloor at a depth of ~820 m. It experiences a variable 
current direction with a speed of ~0.25 m/s. Although an oil pipeline bisects the 
shipwreck, lifting the bow and stern ~0.3 m, there is minimum debris on the surrounding 
seafloor. Analysis of wood samples revealed that the Mica Wreck was constructed of 
Pinus strobus, the Eastern White Pine also known as the Northern White Pine, indicating 
that the vessel was constructed in Northeast America. Analysis of the copper sheathing 
and nails revealed that the vessel was sheathed with an alloy of copper and arsenic that 
was nailed together with a brass alloy of copper, tin, and zinc. The Mica Wreck is located 
~21.6 km from the Macondo well and rests within the acute fallout plume of the 
Deepwater Horizon oil spill (Stout et al., 2017, Hamdan et al., 2018, Mugge et al., 2019). 
Although residual impacts of the spill were not observed in sediment biogeochemical or 
geological data at the site in 2014, the spill may have impacted the microbial community 
at this site (Hamdan et al., 2018). 
The Viosca Knoll Wreck is a wooden-hulled, copper-sheathed sailing vessel from 
the 19th century that is located within the Viosca Knoll lease area (Brooks, 2013). It was 
discovered in 2003 during a survey for a proposed pipeline (Church & Warren, 2008). 
The vessel is 43 m long with a 10 m beam and >2 m of relief (Brooks, 2013). The Viosca 
Knoll Wreck rests at a depth of ~614 m and leans on its starboard side (Church & 
Warren, 2008). The hull is partially intact with an ~30 cm drag scar at a 29° angle across 
it. Some of the wooden planks on the hull are exposed due to deterioration of the copper 
sheathing (Brooks, 2013). There is a small debris field with broken sections of rigging 
lying across the seafloor and artifacts scattered to the west and southwest (Church & 
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Warren, 2008). There are multiple drag scars across the seafloor, and east of the 
shipwreck, there is a large seafloor depression that is approximately the length of the 
vessel. Venus flytrap anemones, branching deep-sea coral colonies, scorpion fish, and 
deep-sea crabs were observed inhabiting the shipwreck.  
1.2.1.2 World War II Era Shipwrecks 
The Anona shipwreck is a steel- and iron-hulled steam yacht built in 1904 in 
Boston, Massachusetts (Church et al., 2007). In 1943, the vessel was repurposed for 
hauling freight and sank in 1944 in the Viosca Knoll lease area due to the hull plates 
buckling. The shipwreck was discovered in 1995 during an oil and gas survey. It is ~42 m 
long with a 5 m beam and rests on a slope at a depth of ~1280 m. Although the vessel 
leans towards the starboard side, the hull remains upright and intact. Anona is covered by 
biological growth and surrounded by a moderate debris field with sediments 
accumulating across parts of the hull and silt deposits found around the stern.  
The shipwreck Halo is a steel tanker that was launched in 1920 and sunk in 1942 
by a U-boat while carrying 63,000 barrels of crude oil (Church et al., 2007). It was 
discovered in 2000 along the Mississippi Canyon rim during a survey for a proposed 
pipeline. The vessel is 133 m long with a 17 m beam and maximum relief of 16.5 m. 
Halo rests at a depth of ~144 m on a slope with a gradient of ~1.4° and leans to the port 
side at ~5°. The stern extends ~7 m from the seafloor, while the bow is partially buried. 
The hull’s starboard side remains intact, but the portside has a 3-4 m tear. Netting is 
tangled around the stern, and the debris field is small (< 15 m). The shipwreck is 
completely covered by two main types of biofouling: dendritic concretions (5-15 mm 
thick) and slime coating (2-5 mm thick). A variety of corals, invertebrates, and fish were 
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observed inhabiting the shipwreck, and crustaceans, brittle stars, and molluscs were 
found >61 m away from it. The surrounding sediment is predominantly composed of clay 
and is inhabited by nematodes, polychaetes, and harpacticoid copepods.  
1.2.1.3 Reference Sites 
Reference samples were collected in lease block Green Canyon 248 (GC248) in 
2016. GC248 is 1200 m deep and is located ~57 km from the closest sampled shipwreck, 
the Ewing Bank Wreck. Reference samples were also collected 1000 m from each 
shipwreck. This distance was selected because the Bureau of Ocean Energy Management 
(BOEM) defines the shipwrecks’ avoidance zone as 1000 m. 
1.2.2 Sample Collection 
1.2.2.1 Sediment 
Sediment samples were collected during six cruises onboard the research vessels 
Pelican and Point Sur from 2014 – 2018. During 2014 cruises, sediment cores ~20 cm 
deep with an inner diameter of 2.5” were collected via push coring with the Global 
Explorer remotely operated vehicle. During 2015 – 2018 cruises, sediment cores ~20 cm 
deep with an inner diameter of 4” were collected via multicoring. A single reference core 
was collected at GC248 for genomic, porosity, and geochemical analysis. At the 
shipwrecks, sediments were collected along a single, linear transect at distances of 2, 25, 
50, 75, 100, 150, 200, 300, 500, and 1000 m (Figure 1.2) for genomic and porosity 
analysis. Sediments were collected at distances of 25, 50, 75, 200, 300, 500, and 1000 m 
from the Ewing Bank and Mica Wrecks and at distances of 25, 50, 75, 100, 150, 200, 
300, 500, and 1000 m from the Viosca Knoll Wreck for geochemical analysis. The 
direction of the transect at each site was chosen in a way that avoided seafloor hazards 
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(e.g., pipelines, debris, and netting). At the Mica Wreck, a transect was sampled to the 
south of the stern to avoid the oil pipeline bisecting it. At the Ewing Bank and Viosca 
Knoll Wrecks, a transect was sampled to the east to avoid debris fields and rigging, 
respectively. At Halo, a transect was also sampled to the east to avoid netting on the 
stern. However, additional debris on the east side prevented a core from being collected 
at a distance of 25 m. The top 18 cm of the sediments were sampled down core at 2 cm 
intervals for genomic and porosity analysis and at depths of 2 – 4, 6 – 8, 10 – 12, and 14 
– 16 cm for geochemical analysis. No replicate sediments were used for genomic, 
porosity, or geochemical analysis. Approximately 5 – 10 g of sediment were placed 
aseptically into 15 mL polypropylene conical tubes using sterile tongue depressors for 
genomic analysis. Sterile tongue depressors were also used to aseptically place 
approximately 15 g of sediment into whirlpak bags for porosity and geochemical 
analysis. Samples were immediately frozen at -20° C and kept at -80° C for long-term 
storage.  
1.2.2.2 Water Column and Shipwreck Parameters 
A CTD (Conductivity, Temperature, and Depth) Rosette was used to measure 
salinity, density, pressure, temperature, and dissolved oxygen of the overlying water 
column ~10 m above the shipwrecks and reference site. Shipwreck data including hull 
type, length, width, maximum relief, approximate age, and location were obtained from 
BOEM’s shipwreck database. 
1.2.3 Depth of Shipwreck Burial 
To determine the depth of burial of the shipwrecks, the sediment depth that 
corresponds with each shipwreck’s arrival to the seafloor was calculated using 
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sedimentation rates. Sedimentation rates for the Ewing Bank Wreck (0.12 cm yr-1), Halo 
(0.08 cm yr-1), and the Mica Wreck (0.14 cm yr-1) were obtained from Hamdan et al. 
(2018). The sedimentation rate for the Mississippi Canyon leasing area (0.09 cm yr-1) 
(Yeager et al., 2004) was used to estimate the sediment depth that corresponds with the 
arrival of Anona because sedimentation rates from Hamdan et al. (2018) are elevated due 
to impacts from the Deepwater Horizon oil spill. This rate (0.09 cm yr-1) was also used 
for the Viosca Knoll Wreck because data for this site and the Viosca Knoll lease block 
are not available. Since the exact years that Anona and Halo sank are known, depth of 
burial was obtained by multiplying sedimentation rate by the shipwreck’s length of time 
on the seafloor. The exact years that the Ewing Bank, Mica, and Viosca Knoll Wrecks 
sank are not known. However, archaeological data indicates that they sank during the 
early 19th century (Atauz et al., 2007, Brooks, 2013). Therefore, depth of burial was 
calculated as a range by multiplying sedimentation rate by time on the seafloor since 
1800 – 1850.   
1.2.4 Sediment Geochemistry and Porosity Analysis 
Total carbon (TC) and total nitrogen (TN) content was analyzed for sediment 
samples by way of elemental analysis (Zimmermann et al., 1997). Sediment samples 
were thawed and homogenized. Approximately 3-4 g of the homogenized sediment was 
placed into 2” diameter aluminum tins and dried for a minimum of 24 hours at 96° C 
using a convection oven (Fisher Scientific). Samples were ground to a powder using a 
mortar and pestle after which they were transferred to 20 mL scintillation vials and stored 
in a desiccant cabinet until analytical prep. Approximately 3 mg of dried, ground 
sediment was weighed using a microbalance (MettlerToledo) and packed into pressed tin 
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capsules (5 x 9 mm, Costech Analytical Technologies, Inc.). Samples were analyzed 
using an elemental analysis combustion system (Costech ECS 4010). Duplicates were run 
for 20% of the samples, and carbon was run undiluted. Acetanilide was used to create a 
calibration curve for the IRMS. The calibration curve was used to convert the spectral 
amplitudes obtained from the elemental analysis combustion system into carbon and 
nitrogen concentrations.  
Total organic carbon (TOC) content, the total organic carbon to nitrogen ratio 
(TOC:N), and the stable carbon isotope ratio of TOC (𝛿13CTOC) was analyzed for 
sediment samples with an elemental analyzer coupled to a Thermo Delta V Advantage 
stable isotope ratio mass spectrometer. A portion of the homogenized, dried, ground 
sediments were placed in a desiccator containing concentrated hydrochloric acid. The 
samples fumed for 24 hours, resulting in the removal of inorganic carbonate. 
Approximately 3 mg of sediment was weighed using a microbalance (MettlerToledo) and 
packed into pressed tin capsules (5 x 9 mm, Costech Analytical Technologies, Inc.). 
Samples were analyzed using the methods previously described. Total inorganic carbon 
(TIC) content was calculated using the mass balance equation:  
%TIC = %TC - %TOC 
Sediment porosity was determined gravimetrically using the method of Black 
(1965). Sediment samples were thawed and homogenized. Approximately 3-4 g of the 
homogenized sediment was weighed with an analytical balance (MettlerToledo) into a 2” 
diameter aluminum tin and oven dried for a minimum of 24 hours at 96° C. Samples were 
transported from the oven to the scale in a closed container with a desiccant to avoid 
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absorption of water from the air, and the dry weight of the samples was measured. The 
following equation was used to calculate porosity:  
𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = (
𝑤𝑎𝑡𝑒𝑟 𝑚𝑎𝑠𝑠
𝑤𝑎𝑡𝑒𝑟 𝑚𝑎𝑠𝑠 + 𝑠𝑎𝑙𝑡 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑑𝑟𝑦 𝑚𝑎𝑠𝑠
𝑔𝑟𝑎𝑖𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
) ∗  100 
where water mass is equal to the difference between wet sample weight and dry sample 
weight, salt corrected dry mass is equal to the difference between dry sample weight and 
the assumed salt content (1.035). Grain density is assumed to be 2.5 g/cc.   
1.2.5 DNA Extraction and Quantification 
Genomic DNA was extracted from sediments using a modification of the 
FastDNA Spin Kit for Soil (MP Biomedicals LLC, Santa Ana, CA, USA) (Hamdan et al., 
2013). A mixture of ceramic and silica particles was used to lyse cells in sediment 
samples. Samples were processed on a FastPrep instrument at 5.5 m/s for 45 s. Buffers 
(MT buffer and sodium phosphate buffer) were added to the samples to protect and 
solubilize nucleic acids and proteins during cell lysis. Samples were centrifuged to 
concentrate soil, cell debris, and lysing matrix into a pellet. The supernatant was 
removed, and DNA in the supernatant was purified through spin filtering. Extracted, 
purified DNA was eluted and stored at -80° C for long-term storage. A Qubit 2.0 
Fluorometric Quantitation system (Invitrogen, Carlsbad, CA, USA) was used to quantify 
total extracted DNA (ng/mL) in each sample, and a NanoDrop spectrophotometer 
(ThermoFisher, Waltham, MA, USA) was used to assess the quantity and purity of total 
extracted DNA (ng/mL). Samples were plated on a 96-well plate (20 µL of sample per 
well) for 16S rRNA gene amplification and sequencing. 
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1.2.6 16S rRNA Gene Amplification and Sequencing 
Plated samples were sent to the Integrated Microbiome Resource at the Centre for 
Comparative Genomics and Evolutionary Bioinformatics at Dalhousie University in 
Nova Scotia, Canada for 16S rRNA bacterial and archaeal gene amplification and 
sequencing. Polymerase chain reaction (PCR) and 16S rRNA sequencing was performed 
following protocols in (Comeau et al., 2017). Reactions contained 5× HF PCR buffer, 10 
mM of each dNTP, 1 µM of each primer (Illumina), 2 U/𝜇L of Phusion High-Fidelity 
DNA polymerase (Thermo), PCR-grade water, and 2 µL of template DNA. Gene 
amplification targeted the V6-V8 regions using the bacterial fusion primer set B969F 
(ACGCGHNRAACCTTACC) and BA1406R (ACGGGCRGTGWGTRCAA) and the 
archaeal fusion primer set A956F (TYAATYGGANTCAACRCC) and A1401R 
(CRGTGWGTRCAAGGRGCA). The PCR cycling conditions included a 30 s cycle of 
initial denaturation at 98° C, 30 cycles of denaturation for 10 s at 98° C, annealing for 30 
s at 55° C, extension for 30 s at 72° C, and a final extension for 4.5 minutes at 72° C. 
Visual verification of successful PCR products was performed using a high-throughput 
Invitrogen 96-well E-gel. Failed reactions were re-amplified using optimized PCR 
conditions. The Invitrogen SequalPrep 96-well Plate Kit was used to clean and normalize 
PCR products. Then, up to 380 samples were multiplexed and pooled to produce one 
library. Multiple libraries were produced and quantified fluorometrically prior to 
sequencing. Samples were sequenced using the Illumina MiSeq (San Diego, CA, USA) 
platform, which generates ~440-450 base pair (bp) paired-end sequences. Sequences 
were sent to the University of Southern Mississippi for bioinformatics analysis. 
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1.2.7 16S rRNA Bioinformatics Analysis 
To date, most microbial ecology studies that sequence the 16S rRNA gene cluster 
organisms into OTUs using a 97% sequence similarity cutoff (Eren et al., 2016). The 
97% similarity cutoff was originally proposed in 1994 as an approximation for defining 
microbial species (Stackebrandt & Goebel, 1994). However, this cutoff is now considered 
arbitrary because of sequence variation across taxa (Porter & Hajibabaei, 2018). 
Recently, it has been suggested that using this arbitrary similarity cutoff can lead to 
inaccurate ecological inferences due to phylogenetically mixed OTUs (Eren et al., 2016, 
Edgar, 2018, Pollock et al., 2018). As such, amplicon sequence variants (ASVs), which 
are defined based on single-nucleotide variations in the gene, have been proposed as an 
alternative method for clustering microorganisms (Callahan et al., 2017). A recent study 
compared the two binning approaches and found that ASVs and 97% OTUs yielded 
similar broad-scale patterns regarding analyses of dominant taxa, alpha diversity, and 
beta diversity (Glassman & Martiny, 2018). However, previous work has shown that 
fine-scale ecological patterns are masked at broad similarity cutoffs of 90% and 97% but 
are revealed when using a more stringent cutoff of 99.5% to define OTUs (Martiny et al., 
2009). Therefore, not only do ASVs maintain broad-scale ecological patterns (Glassman 
& Martiny, 2018) but they may also provide insight into fine-scale patterns that are 
masked by broad similarity cutoffs (Callahan et al., 2016). Using a stringent cutoff of 
>99% may yield similar results to those obtained using ASVs, but results obtained from 
different studies cannot be compared without re-clustering the organisms into OTUs for 
comparison. This issue is alleviated when using ASVs because they are a consistent label 
that was defined based on single nucleotide variation, making it possible to compare 
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across datasets without reanalysis (Callahan et al., 2017). Due to these reasons, ASVs 
have been selected as the clustering method for 16S rRNA sequences in this study.  
Bacterial and archaeal sequences were analyzed using a bioinformatics pipeline 
generated from the Bioconductor Workflow (Callahan et al., 2016). Failed sequencing of 
7 archaeal samples and 3 bacterial samples due to low quality of reads or an insufficient 
number of reads (<10,000 for archaea and <400 for bacteria) prevented these samples 
from being included in analysis. Primers were removed using bbduk (Bushnell, 2016), 
and sequences were imported into R (R Development Core Team, 2017) as 
demultiplexed fastq files. Sequences from each site were processed separately using R 
base and stat functions and the R package “DADA2” (Callahan et al., 2016). Paired reads 
were trimmed right at 250 bp and 225 bp for forward and reverse sequences, respectively, 
to remove bases with an average low quality score (Q < 10). After truncation, paired 
reads with more than 5 expected errors, the bp N, or matching to the phiX genome were 
discarded. To estimate the amount of sequencing error present in the samples, the error 
rates of the samples were learned from the trimmed and filtered sequences using 1 × 108 
bases for bacteria and 1 × 1010 bases for archaea. To determine if the error rates were 
well-estimated, the observed error rates and fitted error rates were plotted, and the fit 
between the two was inspected. Initially, the error rates for archaea were estimated using 
1 × 108 bases, but the plot showed that these estimates were poor, resulting in more 
bases being used for archaea. Samples were then dereplicated (i.e., 100% identical 
sequences were removed) to eliminate redundancy. Clusters of ASVs were produced by 
applying multiple iterations of a sequence inference algorithm. The algorithm was 
applied to pooled sequencing reads and distinguished sequencing errors from biological 
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variation using the learned error rates. Forward and reverse sequences were merged, and 
sequences that did not perfectly overlap were removed. A sequence table containing the 
quantity of each ASV in each sample was constructed from the remaining sequences. 
Chimeric sequences (i.e. sequences that can be produced by stitching together two 
abundant sequences) were removed using a consensus procedure. Each sample was 
independently checked for chimeras, and if the chimera was found in a large enough 
fraction of the samples, it was removed. For archaea, the minFoldParentOverAbundance 
parameter was increased to 4 from the default of 1.5 to reduce the number of sequences 
that were being identified as chimeric.  
1.2.8 Estimation of Sequence Quality and Coverage 
To determine the impacts of sequence quality and coverage on results, a variety of 
metrics were calculated. The total reads per sample were tracked throughout the 
bioinformatics pipeline to ensure that most sequences were not removed due to over-
stringent filtering and trimming. The Chao 1 index was calculated using the R package 
“microbiome” (Lahti et al., 2017) to estimate expected ASV richness. Expected ASV 
richness and observed ASV richness were then used to calculate the average percent of 
under-sampling. Rarefaction curves were used to determine if depth of coverage was 
sufficient to capture the diversity of the samples, and Good’s coverage index, which 
relies on the number of unique ASVs (i.e., singletons), was used to estimate the 
proportion of the total ASVs that were present in each sample. Rarefaction curves were 
constructed for each sample with a step size of 100 using the R packages “vegan” 
(Oksanen et al., 2017), “tidyverse” (Wickham, 2017), “ggplot2” (Wickham, 2016), and 
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“ggpubr” (Kassambara, 2018), and Good’s coverage index was calculated for each 
sample using the R package “QsRutils” (Quensen, 2019).  
1.2.9 Identification and Analysis of Core Microbiomes 
1.2.9.1 Clustering of Shipwrecks 
To investigate if there is a core microbiome associated with shipwrecks that are 
similar to each other, sites were broken into groups based on similarities of water column 
properties and shipwreck characteristics. Sediment properties were excluded due to large 
variability along the transects at each site. Water column properties of salinity, density 
(𝑘𝑔 𝑚3⁄ ), dissolved oxygen (𝜇𝑚𝑜𝑙 𝑘𝑔⁄ ), temperature (°𝐶), and pressure (db) were 
obtained from CTD data collected during 2014-2018. Measurements were averaged and 
represent conditions ~10 m above the seafloor at each site. These measurements were 
combined with resting depth and shipwreck characteristics of hull type, length, width, 
and maximum relief to create a similarity matrix. The matrix was constructed with the R 
package “cluster” (Maechler et al., 2018) using Gower’s coefficient (Gower, 1971) which 
allows mixed data types to be used simultaneously in clustering. Divisive hierarchical 
clustering was performed on the similarity matrix using the R package “cluster” 
(Maechler et al., 2018). Clustering results were validated with an elbow plot. Plots were 
constructed using the R packages “ggdendro” (de Vries & Ripley, 2016), “ggplot2” 
(Wickham, 2016), and “ggpubr” (Kassambara, 2018).   
1.2.9.2 Identification of Core Microbiomes 
To resolve if there is a core microbiome associated with shipwrecks, the 
taxonomic composition of various sediment core microbiomes was determined. An 
analysis was conducted to determine if core microbiomes were evident for a variety of 
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site combinations: 1) all shipwrecks and reference sites, 2) all shipwrecks, 3) similar 
shipwrecks (described below in 1.3.3), 4) individual shipwrecks, and 5) reference sites. 
Core microbiomes were defined as ASVs occurring at least once in 80% of samples in a 
particular group and were identified using the R package “microbiome” (Lahti et al., 
2017). ASVs that were part of a core microbiome (i.e., core ASVs) were exported from R 
as fasta files and ASV abundance tables using the R package “DADA2” (Callahan et al., 
2016) and R utility functions to enable taxonomic assignment of representative 
sequences. Taxonomy was assigned at 99% identity to the Silva 132 reference database 
(Quast et al., 2012) with the VSEARCH (Rognes et al., 2016, Bokulich et al., 2018) 
plugin in QIIME2 version 2019.1.0 (McKinney, 2010, McDonald et al., 2012, Bolyen et 
al., 2018). Taxa bar plots were constructed at the genus level to show the composition of 
core microbiomes in the different sample groups (described above) using QIIME2 
(Bolyen et al., 2018). The average relative abundance of genera at each point along the 
transects was calculated using R base and stats functions. Bacterial genera accounting for 
less than 3% of average sequence abundance at individual sites were grouped together 
and labeled as “Other” for plot readability purposes using R base functions. Bar plots 
were then modified aesthetically using the R packages “tidyr” (Wickham & Henry, 
2019), “ggplot2” (Wickham, 2016), and “ggpubr” (Kassambara, 2018). 
Community metrics of richness, diversity, and relative abundance were calculated 
for each core microbiome. The number of core ASVs (i.e., richness) for each core 
microbiome group was determined using the R package “microbiome” (Lahti et al., 
2017). Alpha diversity was calculated using the Shannon index with the R package 
“vegan” (Oksanen et al., 2017). The proportion of the entire community that the core 
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microbiome and core ASVs composed was calculated for each core microbiome group by 
converting count data to relative abundance using the R package “microbiome” (Lahti et 
al., 2017). Dominance and rarity of core ASVs was then defined based on their relative 
abundance. Dominant ASVs were defined as those that make up ≥1% of the entire 
community, and rare ASVs were defined as those that make up <1% of the entire 
community (Campbell et al., 2011).  
1.2.9.3 Differentiation of Core Microbiomes  
To visually depict if core microbiome community structure (i.e., core microbiome 
composition and the abundance of core members) varied based on the five different 
groupings, ordination plots were constructed. Tables of core ASVs were merged using 
the R package “DADA2” (Callahan et al., 2016). The merged table was normalized to 
balance the influence of dominant and rare ASVs using cumulative sum scaling (Paulson 
et al., 2013) with the R package “metagenomeSeq” (Paulson et al., 2013). Differences 
between samples were calculated using the Bray-Curtis index in the R package “vegan” 
(Oksanen et al., 2017). Ordination plots were then constructed to visualize similarity in 
community structure among core microbiome groups using principal coordinates analysis 
(PCoA). PCoA was performed and plots were constructed with the R packages “vegan” 
(Oksanen et al., 2017), “phyloseq” (McMurdie & Holmes, 2013), “ggplot2” (Wickham, 
2016), and “vegan3d” (Oksanen et al., 2018).  
Statistical differentiation of the 5 core microbiome groups was performed with a 
permutational analysis of variance (PERMANOVA) to determine if the core community 
structures significantly vary. A one-way PERMANOVA was performed with the Bray-
Curtis similarity matrix as the response variable and core microbiome type as the 
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predictor variable. The PERMANOVA was initiated using 999 permutations with the R 
package “vegan” (Oksanen et al., 2017). Following a significant PERMANOVA result, a 
post-hoc test of pairwise comparisons between groups was performed using the R 
package “RVAideMemoire” (Hervé, 2019) to identify which core microbiomes differed. 
Corrections for multiple testing were applied using the Benjamini Hochberg correction 
which reduces the number of false positives (Benjamini & Hochberg, 1995).  
1.2.10 Changes in Diversity with Distance and Depth 
1.2.10.1 Distance 
To determine if microbial diversity is influenced by proximity to the shipwrecks, 
changes in diversity over geographic distance were identified for the whole community 
and the core community at each site. The diversity within each sample (i.e., alpha 
diversity) was calculated using the Shannon index with the R package “vegan” (Oksanen 
et al., 2017). Scatterplots of bacterial and archaeal Shannon diversity were constructed to 
visualize changes over the entire transect using the R packages “ggplot2” (Wickham, 
2016) and “ggpubr” (Kassambara, 2018). The relationship between distance and Shannon 
diversity was determined through simple linear regression using R stats functions. Simple 
linear regression was performed using the entire transect and portions of the transect 
defined as near (2 – 200 m) and away (300 – 1000 m for whole community and 300 – 
500 m for core community) from the shipwrecks. Differences in Shannon diversity 
according to distance were identified using one-way analysis of variances (ANOVAs) 
and R stats functions. If a significant ANOVA result was obtained, Tukey’s ‘Honest 
Significant Difference’ post-hoc test was performed using R stats functions to determine 
where changes in Shannon diversity occurred. ANOVAs and post-hoc tests were 
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performed using portions of the transect to compare the average diversity near the 
shipwrecks to the diversity away from them and then were performed using the entire 
transect to pairwise compare all distances along the transect.  
1.2.10.2 Depth 
Changes in diversity with sediment depth were also identified at each site for the 
whole community and the core community. Differences in Shannon diversity between the 
top (0 – 10 cm) and bottom (10 – 18 cm) halves of the sediment cores were identified 
using ANOVAs as described above. Differences in Shannon diversity between the 2 cm 
depth intervals were then identified using ANOVAs and post-hoc tests. ANOVAs for 
core halves and 2 cm depth intervals were performed using the entire transect and 
portions of the transect (near and away) to determine if changes in Shannon diversity 
occur with depth at different proximities to the shipwrecks.  
1.2.11 Changes in Community Structure with Distance 
Changes over geographic distance in community structure of whole communities 
and core communities were identified through distance-decay relationships (DDRs). 
Distance-decay curves (DDCs) are the graphical representation of DDRs, and they 
display how community similarity varies with geographic distance between samples 
(Zinger et al., 2014). The slope of the curve represents compositional turnover rate and 
can be used to compare biodiversity patterns between sites. In this study, the slopes of the 
DDCs represent rate of change of the whole community or of the core community as 
distance increases, and slopes that are significant (p < 0.05) indicate a spatial effect on 
the community. DDCs were constructed for the Ewing Bank, Mica, and Viosca Knoll 
Wrecks using the methods described in Zinger et al. (2014) with the R packages “vegan” 
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(Oksanen et al., 2017), “ggplot2” (Wickham, 2016), and “ggpubr” (Kassambara, 2018) as 
well as R stats functions. DDCs were constructed using the equation:  
log(𝑆𝑐𝑜𝑚) = log(𝑎) +  𝛽 ×  log(𝐷) 
where (𝑆𝑐𝑜𝑚) is community similarity, 𝑎 is the intercept, 𝛽 is the slope, and 𝐷 is 
geographic distance (Zinger et al., 2014). Briefly, a Euclidean distance matrix (𝐷) was 
constructed for each site using geographic distance between samples. Bray-Curtis 
similarity matrices (𝑆𝑐𝑜𝑚) were constructed for each site from the whole community 
ASV table and from the similar shipwreck core ASV table. To avoid calculating infinity 
values during log transformation, 0.01 was added to each value in the matrices. The 
Euclidean distance matrix and Bray-Curtis similarity matrix were log transformed using 
natural log, and a linear regression of the log-transformed Bray-Curtis similarities against 
the log-transformed Euclidean distance matrix was performed. DDCs using subsets of the 
data were also constructed to examine how communities changed when they are near 
each other (< 200 m apart) and farther away from each other (> 200 m apart) to 
understand how the relationship changes when communities are more geographically 
separated. DDCs were constructed using the entire sediment core as well as the top (0 – 
10 cm) and bottom (10 – 18 cm) halves of the core for the whole transect and for subsets 
to determine how communities change with distance at different depth intervals.  
1.2.12 Changes in Sediment Geochemistry and Porosity 
Differences in sediment geochemistry and porosity with distance from the 
shipwreck and with depth were identified at each site. The range of each measurement 
was determined, and changes were visualized with scatterplots that were constructed with 
the R packages “ggplot2” (Wickham, 2016) and “ggpubr” (Kassambara, 2018). The 
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relationship of sediment geochemistry and porosity with distance and depth were 
analyzed through simple linear regressions with R stats functions. 
1.2.13 Environmental Factors Influencing the Sediment Core Microbiome 
Correlations between sediment properties and community structure were 
identified to determine the environmental factors that influence the sediment core 
microbiome associated with similar shipwrecks. A Bray-Curtis similarity matrix was 
constructed from the similar shipwreck core ASV table with the R package “vegan” 
(Oksanen et al., 2017). The subset of variables that had maximum correlation with the 
Bray-Curtis similarity matrix was identified for the Ewing Bank, Mica, and Viosca Knoll 
Wrecks using the bioenv function in the R package “vegan” (Oksanen et al., 2017). The 
bioenv function uses the Spearman rank correlation coefficient () to estimate covariance 
between biological and environmental data. A Euclidean distance matrix was constructed 
from the best subset of variables with the R package “vegan” (Oksanen et al., 2017). A 
Euclidean distance matrix was also constructed from the geographic distances between 
samples and was included to control for effects of spatial correlation. Partial Mantel tests 
were performed using the Bray-Curtis similarity matrix, the environmental matrix, and 
the distance matrix to calculate the Mantel coefficient (r) with the R package “ecodist” 
(Goslee & Urban, 2007). Significance was determined at p < 0.05 and was based on 
10,000 permutations. 
1.3 Results 
1.3.1 Depth of Shipwreck Burial 
The sediment depth that corresponds with each shipwreck’s arrival to the seafloor 
was calculated using sedimentation rates. Halo has the shallowest burial depth of 6.08 
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cm. Anona sank two years after Halo and had a similar burial depth of 6.66 cm. The 
wooden-hulled shipwrecks have been on the seafloor the longest and accordingly had the 
deepest burial depths. These depths ranged from 20.16 – 26.16 cm for the Ewing Bank 
Wreck, 23.52 – 30.52 cm for the Mica Wreck, and 15.12 – 19.62 cm for the Viosca Knoll 
Wreck. Therefore, the length of the sediment cores used in this study (0 – 18 cm) capture 
the influence of the wooden-hulled shipwrecks subsequent to their arrival to the seafloor 
and capture the influence of the steel-hulled shipwrecks before and after their arrival.   
1.3.2 Sequence Quality and Coverage 
The number of sequences retained after quality control was different for bacteria 
and archaea and varied with distance from the shipwrecks. The average percent of 
bacterial sequences retained after quality control were approximately the same for all 
points along the transect at each site (35.7 – 58.2%), indicating that the filtering 
parameters were appropriate for the dataset (Table A.1). Although quality control 
removed the same percent of bacterial sequences on average, it was observed that there 
were more bacterial sequences and ASVs in samples near the shipwrecks (2 – 200 m) 
compared to away from the shipwrecks (300 – 1000 m) at Anona, the Mica Wreck, and 
the Viosca Knoll Wreck (Table A.1 and Table 1.1). The average percent of archaeal 
sequences retained after quality control were higher than bacteria and varied substantially 
(1.7 – 84.3%) (Table A.1). Some archaeal samples retained a very small average percent 
of the sequences (< 10%) (e.g., Halo 1000 m, Mica Wreck 300 m and 500 m) which was 
due to a large proportion of low-quality sequences (71 – 99% of sequences) present in the 
samples prior to quality filtering. As seen for bacteria, more archaeal sequences and 
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ASVs were found in samples near the shipwrecks at Anona, Halo, the Mica Wreck, and 
the Viosca Knoll Wreck (Table A.1 and Table 1.1).  
Sequence coverage was estimated using rarefaction curves and Good’s coverage 
index, while under-sampling was estimated using the Chao 1 index. Most of the 
rarefaction curves did not plateau, indicating that there was diversity in the samples that 
was not captured by the sequencing effort (Figure A.1 and Figure A.2). This was 
confirmed by low Good’s coverage index. The index averaged less than 0.80 for the 
majority of the points along the transect for both bacteria (66.7% of the points) and 
archaea (75.6% of the points) (Table 1.1). Chao 1 revealed that under-sampling of the 
bacterial and archaeal communities ranged from 13.4% - 57.6% and 22.3% - 81.6%, 
respectively (Table 1.1).  
1.3.3 Clustering of Shipwrecks 
To determine if there is a core microbiome among shipwrecks that share similar 
characteristics and that are situated in similar hydrographic environments, sites were 
broken into groups using divisive hierarchical clustering. The shipwrecks grouped into 
three distinct clusters (Figure 1.3 A). Halo and Anona each formed separate clusters, and 
the third cluster was formed by the three wooden-hulled shipwrecks (Ewing Bank, Mica, 
and Viosca Knoll Wrecks). Clustering results were supported by an elbow plot which 
shows a dip in the within clusters sum of squares at 3 clusters (Figure 1.3 B), indicating 
that the optimal number of clusters for the dataset is 3.  
1.3.4 Description of Core Microbiomes 
Bacterial and archaeal core microbiomes were identified for 1) all shipwrecks and 
reference sites (i.e., all sites), 2) all shipwrecks, 3) similar shipwrecks (i.e., wooden-
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hulled shipwrecks), 4) individual shipwrecks, and 5) reference sites. For all core 
microbiome groups, most of the core ASVs were rare members of the community (< 1% 
relative abundance) (Table 1.2). As site similarity increased (i.e., similar shipwreck 
characteristics and hydrographic conditions), more core bacterial and archaeal ASVs 
were found in association with the shipwrecks (Table 1.2). This was accompanied by 
increases in average Shannon diversity and increases in average relative abundance of the 
core microbiome within the entire community (Table 1.2).  
The core bacterial microbiome identified in sediments from all sites was 
composed of 41 core ASVs that were assigned to 12 genera (Figure 1.4). The core 
bacterial microbiome of sediments from all shipwrecks was similar to the one found in 
sediments from all sites and consisted of 46 core ASVs that were assigned to 14 genera 
(Figure 1.5). The core bacterial microbiome of sediments from the wooden-hulled 
shipwrecks showed a different, more diverse taxonomic composition from the previous 
two core microbiomes with core ASVs belonging to 33 genera (Figure 1.6). Further 
differences in taxonomic composition were observed in bacterial core microbiomes of 
sediments from individual shipwrecks. Core ASVs belonged to 37 – 107 genera with the 
bacterial core microbiome of the Ewing Bank Wreck being the least taxonomically 
diverse (37 genera) and the bacterial core microbiome of the Viosca Knoll Wreck being 
the most taxonomically diverse (107 genera) (Figure 1.7 and Table 1.2). The bacterial 
core microbiome of reference sediments was the least diverse of all the groups with core 
ASVs belonging to only 8 genera (Figure 1.7).  
The core archaeal microbiome of sediments from all sites, all shipwrecks, and 
reference sites were taxonomically the same (Figures 1.8, 1.9, and 1.11). Core ASVs 
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were assigned to only 2 genera. The core archaeal microbiome of sediments from the 
wooden-hulled shipwrecks showed a slight difference in taxonomic composition with 
core ASVs assigned to 3 genera (Figure 1.10). Larger differences in taxonomic 
composition were observed in archaeal core microbiomes of individual shipwrecks. Core 
ASVs were assigned to 3 – 7 genera with the core archaeal microbiome of the Ewing 
Bank Wreck being the least taxonomically diverse (3 genera) and the core archaeal 
microbiomes of Anona and the Viosca Knoll Wreck being the most taxonomically 
diverse (7 genera) (Figure 1.11 and Table 1.2). 
1.3.5 Differentiation of Core Microbiomes 
PCoA was used to visualize differences in community structures of core 
microbiomes. Two-dimensional plots show that the core microbiomes of wooden-hulled 
shipwrecks form a distinct cluster while the other core microbiome types overlap (Figure 
1.12 A and C). To confirm that the results were not an artifact of plotting in 2-
dimensions, 3-dimensional rotations of the plots were generated. These plots also show 
distinct clusters of the wooden-hulled shipwreck core microbiomes (Figure 1.12 B and 
D), indicating that they are distinguishable from other sediment core microbiomes. A 
one-way PERMANOVA using 999 permutations confirmed that there is a significant 
difference (p < 0.001) in the community structure of the wooden-hulled shipwreck 
bacterial and archaeal core microbiomes compared to all other core microbiome types. 
1.3.6 Changes in Diversity with Distance and Depth 
1.3.6.1 Distance 
Bacterial Shannon diversity of the whole community varied based on proximity to 
the shipwrecks. When examining the entire transect, simple linear regressions showed 
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that there is a significant relationship (Adj. R2 = 0.0572 – 0.2748; p < 0.05) of bacterial 
diversity with distance from the shipwrecks, except at Halo (Figure 1.13 and Table 1.3). 
Additionally, bacterial diversity is significantly higher (p < 0.05) near Anona, the Mica 
Wreck, and the Viosca Knoll Wreck compared to away from them (Figures 1.13 A, D, E 
and Table 1.4). ANOVAs and post-hoc tests comparing all distances further show that 
bacterial diversity at 2 m was significantly higher than the reference core at the Mica 
Wreck (Table 1.4). However, no significant differences between bacterial diversity at 2 m 
and the reference cores collected at Anona and the Viosca Knoll Wreck were found. 
Further analysis revealed different patterns at Halo and the Ewing Bank Wreck. At Halo, 
there is a significant decrease (Adj. R2 = 0.1011; p-value = 0.011) in bacterial diversity 
only in samples near the shipwreck (2 – 200 m) (Table 1.3). At the Ewing Bank Wreck, 
there is a unique trend where bacterial diversity significantly increased (Adj. R2 = 0.4242; 
p < 0.001) with distance in samples away from the vessel (300 – 1000 m) (Table 1.3). 
Increased bacterial diversity in these samples was significantly higher (p < 0.05, 
ANOVA) compared to bacterial diversity near the vessel (Figure 1.13 B and Table 1.4), 
and bacterial diversity of the reference core was significantly higher (p < 0.001) than at 2 
m (Table 1.4).  
These same relationships were not found for core bacterial Shannon diversity of 
the wooden-hulled shipwrecks. When examining the entire transect, there were no 
significant relationships of core bacterial diversity with distance from the wooden-hulled 
shipwrecks (Figure 1.14 and Table 1.3). Additionally, there is no significant difference (p 
> 0.05) between core bacterial diversity near the wooden-hulled shipwrecks compared to 
away from them (Table 1.4). When portions of the transect were examined, significant 
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relationships were observed at two of the three sites. At the Viosca Knoll Wreck, there is 
a significant increase (Adj. R2 = 0.0866; p = 0.007) in core bacterial diversity in samples 
near the vessel (2 – 200 m), and at the Mica Wreck, there is a significant decrease (Adj. 
R2 = 0.1870; p = 0.047) in core bacterial diversity in samples away from the vessel (300 – 
500 m). Although differences based on proximity to the wooden-hulled shipwrecks (i.e., 
near vs. away) were not found, there were significant differences in core bacterial 
diversity at the Ewing Bank and Viosca Knoll Wrecks when comparing all distances 
(Table 1.4). At the Ewing Bank Wreck, core bacterial diversity was significantly lower (p 
< 0.05) at 2 m compared to 25, 50, 75, 150, and 500 m (Figure 1.14 A and Table 1.4), 
and at the Viosca Knoll Wreck, core bacterial diversity was significantly lower (p < 0.05) 
at 2 m compared to all other distances (Figure 1.14 C and Table 1.4). 
Archaeal Shannon diversity of the whole community also varies based on 
proximity to the shipwrecks. Simple linear regressions of the whole transect showed that 
there is a significant relationship (Adj. R2 = 0.2480 – 0.3652; p < 0.05) between archaeal 
diversity and distance from the shipwrecks at all sites, except at the Ewing Bank Wreck 
(Figure 1.15 and Table 1.3). Relationships between archaeal diversity and distance were 
also identified when examining portions of the transect. There is a significant decrease 
(Adj. R2 = 0.0711; p = 0.021) in diversity with distance in samples near Anona (Table 
1.3). Additionally, there is a significant decrease in archaeal diversity both near (Adj. R2 
= 0.0405; p = 0.0496) and away (Adj. R2 = 0.1518; p = 0.028) from the Viosca Knoll 
Wreck (Table 1.3). ANOVAs and post-hoc tests identified significantly higher (p < 0.05) 
archaeal diversity near the shipwrecks compared to away from them and determined that 
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archaeal diversity at 2 m was significantly higher than reference cores collected at all the 
sites (Table 1.4). 
Similar results were obtained for archaeal Shannon diversity of the core 
community. Simple linear regressions of the whole transect identified significant 
relationships (Adj. R2 = 0.0742 – 0.2974; p < 0.05) between core archaeal diversity and 
distance at the Mica and Viosca Knoll Wrecks (Figure 1.16 and Table 1.3). However, 
significant relationships between archaeal diversity and distance were not found when 
using portions of the transect. ANOVAs identified that archaeal diversity was 
significantly higher (p < 0.05) near the wooden-hulled shipwrecks compared to away 
from them and that archaeal diversity at 2 m was significantly higher (p < 0.05) than at 
300 m and 500 m (Table 1.4). The Ewing Bank Wreck was the exception to this, and no 
significant differences in archaeal diversity could be detected at this site (Table 1.4).  
1.3.6.2 Depth 
Variations in bacterial Shannon diversity occurred with depth at different 
proximities to the shipwrecks for whole bacterial communities. Although at most sites 
diversity is not significantly different (p > 0.05) when comparing the 2 cm sediment 
intervals, ANOVAs identified significant differences (p < 0.05) in bacterial diversity 
between the top (0 – 10 cm) and bottom (10 – 18 cm) halves of the cores (Table 1.5). 
ANOVAs determined that bacterial diversity was significantly higher (p < 0.05) in the 
top halves of the cores along the entire transect at all sites, except at the Viosca Knoll 
Wreck (Table 1.5). ANOVAs further determined that significant differences in diversity 
occur between core halves when specific sections of a transect were examined (Table 
1.5). In samples collected near Anona, Halo, and the Ewing Bank Wreck, bacterial 
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diversity was significantly higher (p < 0.05) in the top halves of the cores (Table 1.5). 
Additionally, in samples collected away from Anona and the Mica Wreck, bacterial 
diversity was significantly higher (p < 0.05) in the top halves of the cores (Table 1.5).  
Differences in core bacterial Shannon diversity with depth were identified at each 
of the wooden-hulled shipwrecks. At the Ewing Bank Wreck, core bacterial diversity was 
significantly higher (p < 0.05) in the top halves of the cores along the entire transect and 
in samples collected near the shipwreck (Table 1.5). An ANOVA and post-hoc test 
further determined that core bacterial diversity along the entire transect was significantly 
higher (p < 0.05) in 2 cm intervals from 4 – 10 cm compared to 16 – 18 cm at this site 
(Table 1.5). At the Mica Wreck, core bacterial diversity was also significantly higher (p < 
0.05) in the top halves of the cores along the entire transect and in samples collected near 
the shipwreck (Table 1.5). Although ANOVAs determined that there are differences in 
the 2 cm sediment intervals at the Mica Wreck, post-hoc tests were unable to identify 
significant differences between the intervals (Table 1.5). At the Viosca Knoll Wreck, 
core bacterial diversity was significantly higher (p < 0.05) in the top halves of the cores 
along the entire transect and in samples collected away from the shipwreck (Table 1.5). 
ANOVAs also identified differences in the 2 cm sediment intervals at this site (Table 
1.5), but post-hoc tests could not find significant differences between the intervals.  
Changes in archaeal Shannon diversity also occurred with depth at different 
proximities to the shipwrecks for whole archaeal communities. ANOVAs found that 
archaeal diversity was significantly lower (p < 0.05) in the top halves of the cores at 
Halo, the Mica Wreck, and the Viosca Knoll Wreck when examining the entire transect 
(Table 1.6). ANOVAs further identified differences in archaeal diversity when specific 
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portions of the transect were investigated. In samples near the Viosca Knoll Wreck, 
archaeal diversity was significantly lower (p < 0.05) in the top halves of the cores (Table 
1.6). When samples away from the shipwrecks were examined, archaeal diversity was 
significantly lower (p < 0.05) in the top halves of the cores at Halo and the Viosca Knoll 
Wreck but was significantly higher (p < 0.05) in the top halves of the cores at the Ewing 
Bank Wreck (Table 1.6).  
Variations in core archaeal Shannon diversity occurred with depth at each of the 
wooden-hulled shipwrecks. ANOVAs determined that core archaeal diversity is 
significantly higher (p < 0.05) in the top halves of the cores at the Ewing Bank Wreck 
along the entire transect, in samples near the shipwreck, and in samples away from the 
shipwreck (Table 1.6). An ANOVA and post-hoc test further identified significant 
differences (p < 0.05) in the 2 cm intervals at this site between the top of the core from 0 
– 6 cm and the bottom of the core from 14 – 18 cm (Table 1.6). At the Mica Wreck, 
significantly higher (p < 0.05) archaeal diversity was only observed in the top halves of 
the cores from samples collected near the shipwreck (Table 1.6). Contrasting results were 
found at the Viosca Knoll Wreck. There was significantly higher (p < 0.05) core archaeal 
diversity in the bottom halves of the cores collected along the entire transect and in 
samples near the shipwreck (Table 1.6).  
1.3.7 Changes in Community Structure with Distance 
Changes in whole and core community structure over geographic distance were 
determined through DDR and visualized through DDCs for the Ewing Bank, Mica, and 
Viosca Knoll Wrecks. Significant relationships (p < 0.05) of community similarity with 
distance were observed, indicating a spatial effect on the communities. However, rate of 
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change (i.e., the slope) varied based on distance separating the communities and the 
sediment depth interval examined (Tables 1.7 – 1.10). 
There was a significant spatial effect on whole bacterial communities at each of 
the wooden-hulled shipwrecks. When examining the whole transect, the bacterial 
communities at all the wooden-hulled shipwrecks exhibited a significant spatial effect (p 
< 0.001) that was consistent regardless of the sediment depth interval examined. 
However, only small increases in community similarity with distance occurred along the 
transects (slope ≤ 0.01) (Table 1.7 and Figure 1.17). When samples separated by less 
than 200 m were examined, a significant positive relationship was no longer observed for 
the top halves of the cores at the Ewing Bank and the Mica Wreck or for the bottom 
halves of the cores at the Viosca Knoll Wreck (Table 1.7), indicating that when samples 
are geographically close to each other these bacterial communities do not experience a 
spatial effect at specific sediment intervals. When samples were separated by more than 
200 m at the Mica and the Viosca Knoll Wrecks, there was a significant positive spatial 
effect (p < 0.001) regardless of the sediment interval being examined, indicating that 
communities near the shipwreck are similar to communities away from it (Table 1.7). 
However, the opposite relationship was observed at the Ewing Bank Wreck. A significant 
negative relationship (p < 0.001) was observed for the different sediment intervals, 
indicating that communities near the Ewing Bank Wreck are dissimilar from 
communities away from it (Table 1.7). The slopes were largest when samples were 
separated by more than 200 m, indicating that when bacterial communities are separated 
by larger distances there is a more rapid increase in community similarity at the Mica and 
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Viosca Knoll Wrecks and a rapid decrease in community similarity at the Ewing Bank 
Wreck (Table 1.7). 
The core sediment bacterial community associated with wooden-hulled 
shipwrecks exhibited similar changes in community structure with geographic distance as 
the whole bacterial community. When examining the whole transect, the core bacterial 
communities experienced a significant spatial effect (p < 0.001) at all the wooden 
shipwrecks and for all sediment depth intervals (Table 1.8 and Figure 1.18), 
demonstrating that core community similarity increases with distance. At the Mica and 
Viosca Knoll Wrecks, core bacterial communities close together (< 200 m) and further 
apart (> 200 m) experienced a significant spatial effect (p < 0.01), indicating an increase 
in similarity regardless of the distance between the core communities (Table 1.8). At the 
Ewing Bank Wreck, no significant spatial effect was observed for core bacterial 
communities separated by less than 200 m (Table 1.8). However, a significant negative 
relationship (p < 0.001) was observed in samples separated by more than 200 m at this 
site (Table 1.8), indicating that the core bacterial community does not change with 
distance until they are further apart. Additionally, the slopes of significant core bacterial 
DDCs were always larger than the slopes of significant whole bacterial DDCs (Table 1.7 
and Table 1.8), demonstrating that there is a larger spatial effect on the core bacterial 
community which results in more rapid changes in community similarity with distance. 
Significant spatial effects on the whole archaeal community were observed at all 
the wooden-hulled shipwrecks. As seen for the bacterial communities, when the entire 
transect is analyzed, there is a significant spatial effect (p < 0.001) on archaeal 
community similarity at all the wooden-hulled shipwrecks and for all sediment depth 
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intervals (Table 1.9 and Figure 1.19). The small, positive slopes demonstrate that there is 
a slight increase in archaeal community similarity with distance from the wooden-hulled 
shipwrecks. These same relationships were observed for communities separated by less 
than 200 m, except for the bottom half of the cores at the Ewing Bank Wreck (Table 1.9). 
When communities were separated by distances greater than 200 m, significant positive 
relationships (p < 0.05) were observed in the bottom half of the cores at all the sites 
(Table 1.9), indicating that archaeal community similarity increases with distance in this 
depth interval. Furthermore, when examining communities that were separated by more 
than 200 m, a significant negative relationship (p < 0.001) was observed at the Mica 
Wreck for whole cores and the top half of the cores (Table 1.9), indicating that archaeal 
communities near the vessel are dissimilar from those further away. It was also noted that 
for communities separated by less than 200 m, the slopes of the significant DDCs were 
generally the largest slopes observed (Table 1.9), demonstrating that when these archaeal 
communities are separated by small distances there is a more rapid increase in 
community similarity. 
Changes in core archaeal community structure with geographic distance were 
similar to those observed for the whole archaeal community. The same relationships were 
observed for the core community as were observed for the whole community when 
examining the entire transect and when examining communities that are separated by less 
than 200 m (Table 1.9 and Table 1.10). However, the DDCs of the core community had 
larger slopes, indicating a more rapid increase in core community similarity with 
distance. When samples were further apart from each other (> 200 m), significant 
positive relationships (p < 0.05) were observed at all sites in the bottom halves of the 
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cores (Table 1.10), indicating that core community similarity increases with distance in 
this depth interval. The opposite relationship was observed for the top halves of the cores 
when looking at communities that are separated by more than 200 m (Table 1.10). 
Significant negative relationships were observed at the Ewing Bank and Mica Wrecks 
(Table 1.10), indicating that archaeal communities near these shipwrecks are dissimilar 
from those further away in this depth interval. Additionally, as noted for bacteria, the 
slopes of significant core archaeal DDCs were always larger than the slopes of significant 
whole archaeal DDCs (Table 1.9 and Table 1.10), showing that the core archaeal 
community changes more rapidly with distance and that it experiences a larger spatial 
effect than the whole archaeal community. 
1.3.8 Changes in Sediment Geochemistry and Porosity 
1.3.8.1 Sediment Geochemistry 
At the Ewing Bank Wreck, the highest concentrations of TC were observed at 
distances of 50 and 75 m (Figure 1.21 A). Increases in TC at these points were driven by 
increases in TIC (Figure 1.21 C). Similar concentrations of TOC were observed along the 
entire transect (Figure 1.21 B), and decreases in TOC were strongly explained by 
increases in sediment depth (Adj. R2 = 0.5906; p < 0.0001) (Table 1.11). Although TOC 
did not vary with distance, TOC was more 13C-depleted at 50 and 75 m than at other 
points along the transect (Figure 1.21 D). Additionally, changes in the δ13CTOC can be 
partially attributed to sediment depth (Adj. R2 = 0.2616; p = 0.003) (Table 1.11), 
indicating that as sediment depth increases TOC becomes more 13C-enriched. The highest 
TN concentrations were also observed at 50 and 75 m (Figure 1.21 E). TOC:N 
significantly increased with distance from the shipwreck (Adj. R2 = 0.3814; p = 0.0003) 
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(Table 1.11) and reached a maximum in the reference core located 1000 m from the 
vessel (Figure 1.21 F).  
At the Mica Wreck, the highest concentration of TC was observed at a distance of 
50 m and an average depth of 15 cmbsf (Figure 1.22 A). Changes in TC from 25 – 75 m 
were driven by both TOC and TIC (Figure 1.22 B and C). Decreases in TOC from 25 – 
75 m (Figure 1.22 B) and an increase in TIC at in the 50 m core at 15 cmbsf (Figure 1.22 
C) resulted in the observed patterns in TC. Changes in TOC could partially be explained 
by distance from the shipwreck (Adj. R2 = 0.2425; p = 0.0045) (Table 1.11) with TOC 
decreasing from 2 – 75 m and then increasing along the transect from 200 – 1000 m 
(Figure 1.22 B). Significant changes (p < 0.05) in the δ13CTOC occurred with both distance 
and depth (Table 1.11), demonstrating that sediments become more 13C-enriched with 
increasing sediment depth and with increasing distance from the shipwreck (Figure 1.22 
D). The highest TN concentrations were also observed at 50 m for average depths of 3, 
11, and 15 cmbsf (Figure 1.22 E). A similar trend was seen for TOC:N as was seen for 
TOC with decreases occurring from 25 – 75 m and increases occurring from 200 – 1000 
m (Figure 1.22 F). Increases in TOC:N were significantly related to both distance (Adj. 
R2 = 0.4771; p < 0.0001) and depth (Adj. R2 = 0.1227; p = 0.038) (Table 1.11), 
demonstrating that TOC:N increased when distance and depth increased.  
At the Viosca Knoll Wreck, the highest concentrations of TC are observed at 25 
m (Figure 1.23 A). Decreases in TC from 25 – 75 m are driven by changes in TIC at 
these points (Figure 1.23 C). TIC significantly decreased with distance from the 
shipwreck (Adj. R2 = 0.0893; p = 0.0427) (Table 1.11), while TOC remained relatively 
the same along the entire transect (Figure 1.23 B). As seen at the other sites, significant 
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changes in the δ13CTOC occur with sediment depth (Adj. R2 = 0.4513; p < 0.0001) (Table 
1.11), demonstrating that sediments are more enriched in 13C as sediment depth increases 
(Figure 1.23 D). The highest TN concentrations were also observed at 25 m (Figure 1.23 
E). Changes in TN were reflected in changes of TOC:N which decreased from 50 – 150 
m and then remained relatively the same from 200 – 1000 m (Figure 1.23 F).  
When comparing sediment geochemistry of sediments from the shipwrecks to the 
reference core from GC248, it was observed that maximum concentrations of TC and 
TIC were higher at 2 of the shipwrecks (Table 1.12). Additionally, maximum 
concentrations of TOC were higher and the maximum δ13CTOC were more enriched in 13C 
at all the shipwrecks compared to GC248 (Table 1.12). The maximum concentrations of 
TN were also higher at the shipwrecks compared to GC248 (Table 1.12).  
1.3.8.2 Sediment Porosity 
Although there were no significant linear relationships (p > 0.05) of porosity with 
distance from the wooden shipwrecks (Table 1.11), changes in porosity along the 
transects were observed. At the Ewing Bank Wreck, porosity was lowest at 2 m but 
increased along the transect from 25 – 75 m (Figure 1.24 A). A similar trend was seen at 
the Viosca Knoll Wreck with porosity increasing at average depths of 1, 3, 5, 7, and 9 
cmbsf along the transect from 25 – 75 m (Figure 1.24 C). This trend was absent at the 
Mica Wreck. However, porosity at an average depth of 1 cmbsf was much lower at 2 m 
compared to all other points along the transect at this depth.  
Simple linear regressions showed that there is a significant negative relationship 
(p < 0.0001) of porosity with sediment depth at the wooden shipwrecks (Table 1.11). 
They also demonstrated that over half of the variation in porosity could be explained by 
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sediment depth (Adj. R2 = 0.6210 – 0.6562, p < 0.0001) (Table 1.11). Porosity was 
highest in the top of the cores (1 cmbsf) at 75 m from the Ewing Bank and Mica Wrecks 
and at 100 m from the Viosca Knoll Wreck (Figure 1.24). Notably, these maximum 
values were larger than reference cores collected at the shipwrecks and the reference core 
from GC248 (Figure 1.24 and Table 1.12).  
1.3.9 Environmental Factors Influencing the Sediment Core Microbiome 
At the Ewing Bank Wreck, porosity, TN, and TIC were identified as the 
combination of variables that had maximum correlation with the core bacterial 
community (Table 1.13). They exhibited a strong Spearman correlation () of 0.5737 and 
were found to significantly correlate with core bacterial community structure (Mantel r = 
0.3829; p = 0.0001). Porosity, TN, and the δ13CTOC were determined to be the best subset 
of sediment properties for the core archaeal community (Table 1.13). These variables also 
had a strong  of 0.5834 and significantly correlated with core archaeal community 
structure (Mantel r = 0.3203; p = 0.0009).  
At the Mica Wreck, porosity and TOC:N were identified as being the best 
combination of variables that correlated with the core bacterial community, and TOC:N 
was identified as having maximum correlation with the core archaeal community. 
However, no significant correlations between these sediment properties and core 
community structure could be found for either the core bacterial or archaeal communities 
(p > 0.05) (Table 1.13). 
At the Viosca Knoll Wreck, a single sediment property was determined to have 
maximum correlation with the core bacterial community (Table 1.13). Porosity had a 
moderate  of 0.3458 and was found to significantly correlate with core bacterial 
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community structure (Mantel r = 0.2735; p = 0.0035). As seen at the Mica Wreck, 
sediment properties identified as being the best combination of variables did not 
significantly correlate (p > 0.05) with core archaeal community structure (Table 1.13). 
1.4 Discussion 
1.4.1 Distinct Sediment Core Microbiome of Wooden-hulled Shipwrecks 
This study is one of the first studies to identify a core microbiome associated with 
anthropogenic structures. The identification of a core sediment microbiome that is 
distinguishable from others may indicate that wooden-hulled shipwrecks are a unique 
habitat for microbial life in deep-sea environments. This core microbiome may have 
developed due to the combination of similar characteristics of the shipwrecks and 
environmental factors. The Ewing Bank, Mica, and Viosca Knoll Wrecks all originate 
from the 19th century, are similar in length (20 – 45 m), rest at similar water depths (600 
– 820 m) along the continental shelf, and experience comparable hydrographic conditions 
(i.e., physical properties of the water column). Studies have shown that water depth and 
its associated hydrographic conditions (e.g., temperature, dissolved oxygen, and pressure) 
influence surficial sediment communities in the northwestern and southwestern regions of 
the Gulf of Mexico, resulting in different community structures at different water depths 
within each region (Godoy-Lozano et al., 2018, Jiménez et al., 2018). Furthermore, it has 
been shown that microbial communities of wood falls and their surrounding sediments 
are highly similar under reoccurring environmental conditions, especially when wood has 
been immersed for long periods of time (Palacios et al., 2009). Therefore, commonalities 
between environmental factors combined with similar length of time on the seafloor may 
have resulted in the emergence of this distinct sediment core microbiome.  
 49 
Most of the core ASVs from the wooden-hulled shipwreck core microbiome are 
predominantly rare within the entire sediment microbial community. This is not unusual, 
as most microbial communities are composed of a few organisms that are abundant (> 
1%) and many organisms that are rare (≤ 1%) (Campbell et al., 2011). It has been 
proposed that dominant microorganisms perform the majority of the biogeochemical 
processes in a habitat, whereas rare microorganisms represent those that are not able to 
proliferate under present-day environmental conditions (Pedrós-Alió, 2012). However, a 
study examining the coral core microbiome found that core members were functionally 
important to their host even though they were part of the rare biosphere (Ainsworth et al., 
2015). The possible importance of rare core ASVs to sediment elemental cycles, such as 
carbon and nitrogen, should likewise not be overlooked in the present study. Many of the 
rare core ASVs belong to families that are involved in sulfur and carbon cycling (Oren & 
Xu, 2014, Pujalte et al., 2014, Mußmann et al., 2017), nitrite oxidation (Daims, 2014), 
ammonia oxidation (Prosser et al., 2014, Qin et al., 2017), denitrification (Imhoff & 
Wiese, 2014), and sulfate reduction (Kuever, 2014). These metabolisms hint at the 
potential importance of the core microbiome to sediments surrounding the wooden-hulled 
shipwrecks, especially regarding nitrogen cycling.  
The core bacterial community associated with all the wooden-hulled shipwrecks 
was similar in terms of richness, abundance, and Shannon diversity to the core bacterial 
communities associated with two of the individual wooden-hulled shipwrecks: the Ewing 
Bank Wreck and the Mica Wreck (Table 1.2). In comparison, substantial increases in 
richness, abundance, and Shannon diversity were observed in the core bacterial 
community associated with the Viosca Knoll Wreck. For example, relative abundance of 
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the core bacterial community at the Viosca Knoll Wreck was 21.32%. This is 
considerably higher than the relative abundance of the core bacterial communities at the 
Ewing Bank and Mica Wrecks which was 13.10% and 9.88%, respectively. These 
differences in community metrics may be due to increased debris across the seafloor that 
was distributed by a modern disturbance of the site. The Viosca Knoll Wreck was 
disturbed within the last 2 decades by a cable that was likely attached to an anchor 
(Church & Warren, 2008). The cable damaged the stern of the hull and dragged a trail of 
debris away from the vessel along the eastern side of the shipwreck, which was the same 
direction that the transect for this study was collected. Shipwreck debris has been 
observed to attract macrofaunal communities and increase their abundance (Church & 
Warren, 2008, Kilgour & Shirley, 2008). A biological assessment of the debris on the 
west/southwest side of the Viosca Knoll Wreck found macrofauna (e.g., anemones, fish, 
and branching coral) on and near the debris (Church & Warren, 2008). An additional 
study in the GOM observed macrofauna inhabiting debris from metal-hulled shipwrecks 
and demonstrated that some macrofaunal species have higher abundance on debris 
compared to bare sediment (Kilgour & Shirley, 2008). Kilgour &  Shirley (2008) further 
noted that debris fields may extend the influence of the shipwrecks, preventing a clear 
distinction between the structure and the surrounding environment. Although no studies 
have examined the influence of shipwreck debris on microbial communities, it has been 
shown that wood develops a distinct bacterial community after being on the seafloor for a 
year (Bienhold et al., 2013) and that the microbial communities of wood and of sediment 
around wood are highly similar to each other (Palacios et al., 2009). Therefore, it may be 
possible that there is a connection between the recent extension of the debris field and 
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observed increases in core bacterial community metrics at this site, though further 
investigation is needed to substantiate this idea. 
1.4.2 Changes in Sediment Microbiomes with Distance 
The first evidence that there is an effect of historic shipwrecks on sediment 
microbiomes was described by Hamdan et al. (2018). They found that sediments from six 
deep-water historic shipwrecks in the northern Gulf of Mexico had greater microbial 
diversity near the shipwrecks (2 m) compared to further away (100 – 200 m). The present 
study provides further evidence that proximity to the shipwrecks influences sediment 
microbiomes by examining changes in microbial diversity at a more resolved geographic 
scale. Archaeal diversity of the whole community was significantly higher near (2 – 200 
m) all the shipwrecks compared to further away (300 – 1000 m). Additionally, bacterial 
diversity of the whole community was significantly higher near Anona, the Mica Wreck, 
and the Viosca Knoll Wreck compared to further away. Similar results were also seen at 
two whale falls where higher microbial diversity was observed near the whale falls 
compared to away from them after they had been on the seafloor for ~6 years (Goffredi & 
Orphan, 2010). Combined, results from these studies suggest that, over time, habitats on 
the seafloor increase microbial diversity in nearby sediments. 
A unique trend in bacterial diversity was observed at the Ewing Bank Wreck 
where bacterial diversity increased from 300 – 1000 m and was significantly higher than 
near the shipwreck (2 – 200 m). This opposing trend may be due to the presence of 
another habitat on the seafloor. There are ~2100 active platforms (Rezek et al., 2018) and 
~73,000 km of oil pipelines lying across the seafloor in the GOM (Kaiser & Narra, 2019). 
Although shipwrecks are protected by BOEM and have been afforded a zone of 
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avoidance of 1 km, oil pipelines and platforms may be on the periphery of this avoidance 
zone. However, at the Ewing Bank Wreck, the closest platform and oil pipeline are ~8.8 
km and ~8.4 km, respectively, from the eastern side of the vessel (information provided 
by BOEM: (https://www.data.boem.gov/Main/Mapping.aspx). Due to their distance from 
the vessel, these anthropogenic structures are unlikely to have caused the observed 
increase in diversity. In addition to the extensive presence of man-made structures on the 
seafloor, the GOM is home to many natural habitats such as cold seeps. Cold seep 
environments are prolific in the Gulf of Mexico due to the geologic history of the area 
(Joye et al., 2004) and have been found to host increased microbial abundance compared 
to other sediments (Kellogg, 2010). The closest potential cold seep habitat was located 
~5.8 km from the eastern side of the Ewing Bank Wreck (information provided by 
BOEM: https://www.boem.gov/Seismic-Water-Bottom-Anomalies-Map-Gallery/) and 
was therefore also unlikely to be the cause of the increase in bacterial diversity. Thus, this 
change in bacterial diversity cannot be attributed to a known anthropogenic structure or 
natural habitat on the seafloor and may either be an indication of a nearby habitat that has 
not yet been detected or may be attributed to stochasticity. 
Evidence that there is an effect of distance from the wooden-hulled shipwrecks on 
core microbiome diversity was found for archaea but not for bacteria. While core 
archaeal diversity was significantly higher near (2 – 200 m) the Mica and Viosca Knoll 
Wrecks compared to away from them (300 – 500 m), there was no significant difference 
in core bacterial diversity based on proximity to any of the wooden-hulled shipwrecks. 
This may indicate that changes in core bacterial diversity are possibly attributed to 
variations in the environment resulting from the presence of the wooden-hulled 
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shipwrecks. Alternatively, the lack of an effect could be due to the statistical techniques 
employed. Independence of the observations was lacking and correlation of the residuals 
with the independent variables (i.e., distance and depth) was observed. Both of these 
conditions are violations of the assumptions of ANOVA (Scarianno & Davenport, 1987) 
and simple linear regression (Poole & O’Farrell, 1971). In future studies, these issues can 
be alleviated by constructing a mixed effects model (Zuur et al., 2009) which would not 
only eliminate the issues described above but would also delineate which environmental 
factors are driving changes in the core communities. 
Changes in whole and core community structure with geographic distance were 
examined using the distance-decay relationship (DDR). Typically, microbial 
communities exhibit a negative DDR, meaning that they become more dissimilar as 
geographic distance increases (Zinger et al., 2014). A decline in similarity indicates that 
microbial communities are experiencing strong environmental selection of communities 
adapted to local conditions and are also experiencing low dispersal rates of communities 
across the seafloor (Hanson et al., 2012). Additionally, it has been demonstrated that at 
small scales of 0 – 1 km a negative relationship between community structure and 
distance is often observed (Hanson et al., 2012). However, in the present study, a decline 
in similarity was only observed in two cases. The first occurred at the Ewing Bank Wreck 
where a negative slope was observed for whole and core bacterial communities when 
samples were separated by > 200 m, and the second occurred at the Mica Wreck where a 
negative slope was observed for whole and core archaeal communities when samples 
were separated by > 200 m. Both declines indicate that there are differences in 
community structure near the shipwrecks versus away from them. Besides these two 
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exceptions, the DDRs in the present study exhibit the opposite relationship of what was 
expected and of what has been observed in other sediment microbial studies (Hanson et 
al., 2012, Zinger et al., 2014, Bienhold et al., 2016). At all three of the wooden-hulled 
shipwrecks, bacterial and archaeal community similarity for whole and core communities 
increased with distance between samples. Although these results are not common, 
comparable results were obtained in a study of sediments from the South Atlantic Ocean 
(Schauer et al., 2010). Schauer et al. (2010) also identified a positive relationship 
between community similarity and geographic distance and hypothesized that this 
relationship was a result of high dispersal rates and low extinction rates, indicating that 
the microbial communities are being transported across the sediments and that they can 
survive the environmental conditions where they are deposited. Likewise, results in the 
present study indicate that there is high dispersal of the microbial communities across 
sediments at this spatial scale. Furthermore, the absence of a distance effect indicates that 
shifts in environmental conditions are likely the critical factor shaping the sediment 
communities associated with the wooden-hulled shipwrecks. 
1.4.3 Sediment Geochemistry and Factors Influencing the Sediment Core 
Microbiome 
Differences in sediment geochemistry were observed near all three of the 
wooden-hulled shipwrecks. Sediments near the shipwrecks had substantial increases in 
TN concentrations when compared to other GOM sediments. Sediments collected at 
similar water depths and locations in the GOM as the wooden-hulled shipwrecks had TN 
concentrations of 0.18% – 0.20% (Goñi et al., 1998). Sediments collected along the 
transects at the wooden-hulled shipwrecks had comparable TN concentrations except at 
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distances of 50 and 75 m at the Ewing Bank Wreck, 50 m at the Mica Wreck, and 25 m at 
the Viosca Knoll Wreck where TN concentrations doubled. Higher TIC concentrations 
were also observed at the same distances where TN concentrations doubled, indicating an 
increase in carbonates. Although increases in TOC concentrations were not observed at 
these distances, higher concentrations of TN and TIC suggests that there is an additional 
input of organic matter (OM) at these distances.  
These increases in OM are not a result of the degradation of the wooden-hulled 
shipwrecks as indicated by the δ13CTOC of the sediments. Instead, the source of OM at 
these sites is likely marine phytoplankton. At the Ewing Bank Wreck, the δ13CTOC of the 
uppermost layer (2 – 4 cm) ranged from -21.29 to -19.92‰. These values fall within 
previously reported measurements of phytoplankton from regions of the GOM that 
experience freshwater input (-26.7 to -18.5) (Dorado et al., 2012). At the Mica and 
Viosca Knoll Wrecks, the δ13CTOC of the uppermost layer (2 – 4 cm) is substantially 
enriched compared to the Ewing Bank Wreck. The δ13CTOC of sediments at depths of 2 – 
4 cm along these two transects ranged from -16.20 to -10.82‰ and from -14.83 to -
12.82‰ at the Mica and Viosca Knoll Wrecks, respectively. It has been shown that the 
presence of inorganic carbon results in heavier isotopic signatures (Kennedy et al., 2005). 
Therefore, the enriched isotopic signatures at these two sites are likely an artifact of 
incomplete inorganic carbon removal during sample preparation. Considering this 
methodological issue, the δ13CTOC of sediments at the Mica and Viosca Knoll Wrecks  
also reflect a marine phytoplankton source as indicated by measurements from sediments 
located in open ocean regions of the GOM (-19.5 to -14.6‰) (Dorado et al., 2012).  
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Since the increase in OM is not coming from the wooden-hulled shipwrecks, the 
source is likely from organisms living in the sediments. The increases in TIC indicate an 
increase in carbonates which may have originated from encrusting organisms. It has been 
shown that wooden-hulled shipwrecks attract sediment infauna that form concentric 
spatial patterns around the vessel (Hall et al., 1993). Therefore, it is possible that the 
shipwrecks in this study attracted infauna whose presence increased OM in sediments and 
whose deposition of carbonates resulted in higher TIC concentrations. However, an 
analysis of the infaunal communities at these sites is needed to support this premise. 
Changes in sediment properties correlated with variation in core community 
structure at the Viosca Knoll and Ewing Bank Wrecks. At the Viosca Knoll Wreck, core 
bacterial community structure correlated with changes in porosity. Porosity at this site is 
strongly correlated with sediment depth, indicating that the core bacterial community at 
the Viosca Knoll Wreck is ultimately structured by sediment depth. At the Ewing Bank 
Wreck, core bacterial community structure correlated with changes in porosity, TN, and 
TIC, and core archaeal community structure correlated with changes in porosity, TN, and 
δ13CTOC. These results suggest that, at the Ewing Bank Wreck, the core sediment 
communities are influenced by alterations of the physical and geochemical environment 
that may have resulted from the presence of the shipwreck.  
Overall, this study demonstrates that wooden-hulled shipwrecks directly influence 
nearby sediment microbial communities. The identification of a distinct sediment core 
microbiome that is associated with the wooden-hulled shipwrecks reveals the impact that 
these structures have in shaping sediment microbiomes. Variations of these core 
microbiomes were correlated with changes in the local environment. These correlations 
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provide insight to the interactions between the shipwrecks, environment, and biological 
communities which contributes to a better understanding of these complex deep-sea 
habitats.   
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Table 1.1 Descriptive statistics for whole bacterial and archaeal communities at each site. 
Site 
Distance 
(m) 
Number 
of 
Samples 
Bacteria/ 
Archaea 
Avg. 
ASVs 
Bacteria 
Avg. 
ASVs 
Archaea 
Avg. 
Chao1 
Bacteria 
Avg. 
Chao1 
Archaea 
Avg. % 
Under-
sampled 
Bacteria 
Avg. % 
Under-
sampled 
Archaea 
Avg. 
Goods 
Coverage 
Bacteria 
Avg. 
Goods 
Coverage 
Archaea 
Avg. 
Shannon 
Diversity 
Bacteria 
Avg. 
Shannon  
Diversity 
Archaea 
Anona 2 9/9 6170 10059 7230 13052 14.5 22.3 0.9167 0.9190 8.21 8.44 
 25 17/15 6671 4331 1163 8141 41.0 49.8 0.7490 0.6979 8.35 7.74 
 50 6/6 6057 9326 7051 12410 14.1 25.0 0.9049 0.8969 8.31 8.43 
 75 9/9 7351 5547 12547 9670 40.6 42.9 0.7619 0.7752 8.48 8.07 
 100 9/8 7800 5121 12533 9196 37.2 44.7 0.7968 0.7374 8.49 8.05 
 150 9/9 8014 6046 12433 10438 34.9 42.4 0.8249 0.7888 8.50 8.10 
 200 9/5 6220 2865 10480 6843 42.7 61.2 0.7282 0.6036 8.25 7.34 
 300 9/9 3254 2229 7185 6289 54.6 64.6 0.5639 0.5134 7.86 7.42 
 500 9/7 3478 2627 7813 6936 55.1 62.9 0.5607 0.5152 7.91 7.53 
 1000 9/8 3486 2155 7713 5544 54.6 61.2 0.5651 0.5924 7.93 7.27 
             
Ewing 
Bank 2 9/9 5136 10087 5972 13635 13.4 26.4 0.9311 0.8742 8.06 8.52 
 25 18/17 5874 4560 10158 11029 43.6 61.2 0.7317 0.6576 8.13 7.56 
 50 9/9 5538 8935 6510 11965 15.1 25.1 0.9126 0.9227 8.12 7.99 
 75 9/9 6486 5462 11050 11794 40.4 54.7 0.7853 0.7591 8.27 7.65 
 100 9/9 3703 8228 4524 11293 18.6 27.6 0.8518 0.8822 7.84 8.10 
 150 9/9 6096 3641 10220 10107 40.9 65.5 0.7441 0.5651 8.33 7.65 
 200 15/16 4685 6108 6553 10267 30.4 48.3 0.7792 0.6970 7.99 7.78 
 300 7/8 3472 2982 7280 7852 51.2 62.9 0.6280 0.6055 7.84 7.46 
 500 9/9 6690 3646 10404 9623 35.4 64.7 0.8106 0.5874 8.35 7.55 
 1000 9/9 7407 4649 11566 11598 35.7 60.9 0.8052 0.6640 8.47 7.71 
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Table 1.1 (continued). 
Green 
Canyon 
248 NA 9/9 1935 2246 2252 3064 15.9 30.2 0.9588 0.9208 6.92 6.79 
Halo 2 9/9 8450 15606 9987 22611 15.1 31.1 0.9116 0.8609 8.63 8.95 
 50 9/9 8921 16631 15877 38248 44.3 56.6 0.7519 0.7085 8.55 9.09 
 75 9/9 6579 17272 7788 24451 15.2 29.5 0.9053 0.8708 8.35 8.94 
 100 9/9 9039 12291 14660 28862 36.5 57.3 0.8223 0.6823 8.58 8.76 
 150 9/9 5897 15817 7384 22420 16.3 30.3 0.9104 0.8631 8.10 8.92 
 200 9/9 5748 15784 6933 23183 16.9 31.6 0.8867 0.8492 8.29 8.75 
 300 9/9 6185 4896 11199 13412 46.1 63.4 0.6935 0.5621 8.34 8.07 
 500 8/9 8991 5816 14354 14595 37.3 59.7 0.7845 0.6723 8.74 7.95 
 1000 9/9 5434 5242 11284 16063 51.8 70.3 0.6053 0.5098 8.36 7.83 
             
Mica 2 9/9 5774 9765 6817 13214 15.2 25.9 0.9083 0.9260 8.26 8.00 
 25 7/8 6396 5030 10735 9274 41.3 50.2 0.7475 0.6991 8.28 7.56 
 50 9/9 5040 9426 5915 13265 14.8 29.5 0.9024 0.8555 8.13 8.33 
 75 9/8 6231 6041 9640 10389 34.4 42.4 0.8199 0.7997 8.30 7.94 
 100 9/8 4699 10593 5614 14349 16.2 26.1 0.8856 0.8973 8.10 8.41 
 150 9/7 7521 9169 12017 15189 37.5 39.8 0.7974 0.8065 8.47 8.48 
 200 7/8 4520 2673 8330 7968 47.0 67.0 0.6741 0.5666 8.05 7.35 
 300 9/9 3539 823 7723 3312 54.2 81.6 0.5734 0.2729 7.95 5.68 
 500 8/9 2788 1421 6685 5992 57.6 79.0 0.5140 0.3350 7.76 6.69 
 1000 9/9 3084 1979 6729 5626 53.8 73.9 0.5787 0.3934 7.79 6.43 
             
Viosca 
Knoll 2 9/9 5540 10415 6809 14950 18.6 30.1 0.8718 0.8669 8.22 8.36 
 25 9/9 11144 12365 21838 26657 48.9 54.3 0.7052 0.7466 8.91 8.53 
 50 9/9 10262 10357 20895 23429 50.8 55.8 0.7011 0.7404 8.78 8.37 
 75 9/9 10534 11269 21619 24983 51.1 54.7 0.6880 0.7629 8.85 8.34 
 100 9/9 11136 12104 21761 26901 48.7 55.5 0.7109 0.7702 8.91 8.33 
 150 9/9 10930 15258 20537 31913 46.3 52.1 0.7341 0.7356 8.89 8.93 
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Table 1.1 (continued). 
 200 18/18 7647 7310 12183 13222 33.4 50.8 0.7626 0.7077 8.61 7.88 
 300 9/8 7642 2350 13879 8338 44.7 71.3 0.7078 0.4894 8.56 7.39 
 500 9/9 7216 2744 14434 9681 50.4 70.4 0.6358 0.5139 8.58 7.51 
  1000 9/9 6933 1857 13407 6841 49.7 71.8 0.6424 0.5363 8.48 7.06 
NA = not applicable            
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Table 1.2 Descriptive statistics of core bacterial and archaeal communities for each core microbiome. 
Core Microbiome 
Group 
Number 
of Core 
Bacterial 
ASVs 
Number 
of Core 
Archaeal 
ASVs 
Number 
of Core 
Bacterial 
Genera 
Number 
of Core 
Archaeal 
Genera 
Avg. 
Core 
Bacterial 
Shannon 
Diversity 
Avg. 
Core 
Archaeal 
Shannon 
Diversity 
Avg. Rel. 
Abundance 
(%) within 
the Entire 
Bacterial 
Community 
Avg. Rel. 
Abundance 
(%) within 
the Entire 
Archaeal 
Community 
Number 
of Rare 
Core 
Bacterial 
ASVs 
Number 
of Rare 
Core 
Archaeal 
ASVs 
All Sites 41 94 12 2 3.11 3.94 3.48 12.24 39 58 
All Shipwrecks 46 115 14 2 3.20 4.12 3.69 13.43 43 81 
Similar Shipwrecks 146 221 33 3 4.40 4.71 9.05 20.88 142 179 
Reference Sites 27 41 8 2 2.74 3.27 2.45 9.21 26 32 
Individual Shipwrecks - 
Anona 196 204 46 7 4.60 4.77 11.57 15.36 194 199 
Individual Shipwrecks - 
Ewing Bank 176 460 37 3 4.56 5.48 13.10 36.05 173 453 
Individual Shipwrecks - 
Halo 204 191 49 6 4.68 4.55 7.52 14.28 203 185 
Individual Shipwrecks - 
Mica 165 149 38 4 4.56 4.46 9.88 21.41 163 99 
Individual Shipwrecks - 
Viosca Knoll 699 550 107 7 6.01 5.59 21.32 35.46 699 540 
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Table 1.3 Results of simple linear regression for whole community and core community Shannon diversity. 
Simple linear regressions were performed using Shannon diversity as the response variable and distance from the shipwrecks as the predictor variable. Bold p-values indicate significant results. 
Bacteria 
Site 
Whole Community Core Community 
Whole Transect Near (2-200 m) Away (300-1000 m) Whole Transect Near (2-200 m) Away (300-500 m) 
Adj. R2 p-value Adj. R2 p-value Adj. R2 p-value Adj. R2 p-value Adj. R2 p-value Adj. R2 p-value 
Anona 0.2758 < 0.001 -0.0021 0.356 -0.0221 0.514 NA NA NA NA NA NA 
Ewing Bank 0.0884 0.001 -0.0089 0.575 0.4242 < 0.001 0.0027 0.268 -0.0113 0.713 0.0674 0.171 
Halo -0.0116 0.761 0.1011 0.011 -0.0233 0.518 NA NA NA NA NA NA 
Mica 0.2704 < 0.001 -0.0142 0.656 0.0256 0.210 -0.0082 0.529 -0.0173 0.864 0.1870 0.047 
Viosca Knoll 0.0572 0.010 -0.0041 0.401 -0.0180 0.469 0.0001 0.318 0.0866 0.007 -0.0580 0.798 
Archaea 
Site 
Whole Community Core Community 
Whole Transect Near (2-200 m) Away (300-1000 m) Whole Transect Near (2-200 m) Away (300-500 m) 
Adj. R2 p-value Adj. R2 p-value Adj. R2 p-value Adj. R2 p-value Adj. R2 p-value Adj. R2 p-value 
Anona 0.2782 < 0.001 0.0711 0.021 0.0154 0.256 NA NA NA NA NA NA 
Ewing Bank 0.0253 0.058 0.0155 0.141 0.0831 0.083 -0.0106 0.910 -0.0115 0.723 -0.0619 0.799 
Halo 0.3461 < 0.001 0.0025 0.292 -0.0002 0.328 NA NA NA NA NA NA 
Mica 0.2480 < 0.001 -0.0088 0.477 -0.0039 0.352 0.2974 < 0.001 -0.0171 0.812 -0.0129 0.389 
Viosca Knoll 0.3652 < 0.001 0.0405 0.0496 0.1518 0.028 0.0742 0.006 0.0081 0.213 0.0012 0.329 
NA = Not Applicable  
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Table 1.4 One-way analysis of variances (ANOVAs) of Shannon diversity by distance from the shipwrecks for whole and core 
communities. 
Bold p-values indicate significant results. For the whole communities, near is defined as 2 – 200 m and away is defined as 300 – 1000 m. For the core communities, near is defined as 2 – 200 m and 
away is defined as 300 – 500 m.  
Bacteria 
Site 
Whole Community Core Community 
Comparison 
of Near vs. 
Away 
Avg. Shannon 
Diversity Near 
the Shipwreck 
Avg. Shannon 
Diversity 
Away from the 
Shipwreck 
Comparison 
of All 
Distances 
Comparison 
of Near vs. 
Away 
Avg. Shannon 
Diversity Near 
the Shipwreck 
Avg. Shannon 
Diversity 
Away from the 
Shipwreck 
Comparison 
of All 
Distances 
Anona p < 0.001 8.370 7.900 p < 0.001 NA NA NA NA 
Ewing Bank p = 0.047 8.100 8.252 p < 0.001 p = 0.538 4.294 4.326 p = 0.004 
Halo p = 0.559 8.417 8.469 p = 0.005 NA NA NA NA 
Mica p < 0.001 8.228 7.837 p < 0.001 p = 0.843 4.344 4.331 p = 0.226 
Viosca Knoll p = 0.003 8.724 8.539 p < 0.001 p = 0.765 4.545 4.534 p < 0.001 
Archaea 
Site 
Whole Community Core Community 
Comparison 
of Near vs. 
Away 
Avg. Shannon 
Diversity Near 
the Shipwreck 
Avg. Shannon 
Diversity 
Away from the 
Shipwreck 
Comparison 
of All 
Distances 
Comparison 
of Near vs. 
Away 
Avg. Shannon 
Diversity Near 
the Shipwreck 
Avg. Shannon 
Diversity 
Away from the 
Shipwreck 
Comparison 
of All 
Distances 
Anona p < 0.001 8.022 7.402 p < 0.001 NA NA NA NA 
Ewing Bank p = 0.008 7.850 7.576 p < 0.001 p = 0.845 4.772 4.764 p = 0.088 
Halo p < 0.001 8.900 7.951 p < 0.001 NA NA NA NA 
Mica p < 0.001 8.008 6.265 p < 0.001 p < 0.001 4.837 3.997 p < 0.001 
Viosca Knoll p < 0.001 8.218 7.317 p < 0.001 p = 0.005 4.734 4.647 p < 0.001 
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Table 1.4 (continued). 
NA = Not Applicable  
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Table 1.5 One-way analysis of variances (ANOVAs) of bacterial Shannon diversity by sediment depth for whole and core 
communities. 
Bold p-values indicate significant results. Top half is defined as 0 – 10 cm, and bottom half is defined as 10 – 18 cm.  
Whole Transect 
Site 
Whole Community (2 – 1000 m) Core Community (2 – 500 m) 
Comparison 
of Core 
Halves 
Avg. 
Shannon 
Diversity in 
Top Half 
Avg. 
Shannon 
Diversity in 
Bottom Half 
Comparison 
of 2 cm 
Intervals 
Comparison 
of Core 
Halves 
Avg. 
Shannon 
Diversity in 
Top Half 
Avg. 
Shannon 
Diversity in 
Bottom Half 
Comparison 
of 2 cm 
Intervals 
Anona p = 0.002 8.318 8.128 p = 0.055 NA NA NA NA 
Ewing Bank p < 0.001 8.254 7.985 p = 0.006 p < 0.001 4.377 4.200 p < 0.001 
Halo p = 0.048 8.508 8.344 p = 0.269 NA NA NA NA 
Mica p = 0.044 8.167 8.028 p = 0.427 p < 0.001 4.417 4.239 p = 0.021 
Viosca Knoll p = 0.928 8.676 8.671 p = 0.873 p = 0.042 4.570 4.510 p = 0.018 
Near the Shipwreck 
Site 
Whole Community (2 – 200 m) Core Community (2 – 200 m) 
Comparison 
of Core 
Halves 
Avg. 
Shannon 
Diversity in 
Top Half 
Avg. 
Shannon 
Diversity in 
Bottom Half 
Comparison 
of 2 cm 
Intervals 
Comparison 
of Core 
Halves 
Avg. 
Shannon 
Diversity in 
Top Half 
Avg. 
Shannon 
Diversity in 
Bottom Half 
Comparison 
of 2 cm 
Intervals 
Anona p = 0.005 8.435 8.282 p = 0.054 NA NA NA NA 
Ewing Bank p < 0.001 8.228 7.942 p = 0.020 p < 0.001 4.373 4.198 p = 0.002 
Halo p = 0.012 8.540 8.263 p = 0.198 NA NA NA NA 
Mica p = 0.186 8.269 8.171 p = 0.767 p = 0.003 4.421 4.235 p = 0.016 
Viosca Knoll p = 0.867 8.729 8.718 p = 0.871 p = 0.106 4.571 4.513 p = 0.100 
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Table 1.5 (continued). 
 
Away from the Shipwreck 
Site 
Whole Community (300 – 1000 m) Core Community (300 – 500 m) 
Comparison 
of Core 
Halves  
Avg. 
Shannon 
Diversity in 
Top Half 
Avg. 
Shannon 
Diversity in 
Bottom Half 
Comparison 
of 2 cm 
Intervals  
Comparison 
of Core 
Halves  
Avg. 
Shannon 
Diversity in 
Top Half 
Avg. 
Shannon 
Diversity in 
Bottom Half 
Comparison 
of 2 cm 
Intervals  
Anona p < 0.001 8.014 7.756 p < 0.001 NA NA NA NA 
Ewing Bank p = 0.134 8.331 8.133 p = 0.892 p = 0.075 4.396 4.210 p = 0.146 
Halo p = 0.541 8.438 8.506 p = 0.712 NA NA NA NA 
Mica p = 0.029 7.919 7.742 p = 0.493 p = 0.125 4.402 4.252 p = 0.829 
Viosca Knoll p = 0.934 8.535 8.545 p = 0.932 p = 0.039 4.563 4.497 p = 0.044 
NA = Not Applicable 
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Table 1.6 One-way analysis of variances (ANOVAs) of archaeal Shannon diversity by sediment depth for whole and core 
communities. 
Bold p-values indicate significant results. Top half is defined as 0 – 10 cm, and bottom half is defined as 10 – 18 cm. 
Whole Transect 
Site 
Whole Community (2 – 1000 m) Core Community (2 – 500 m) 
Comparison 
of Core 
Halves 
Avg. 
Shannon 
Diversity in 
Top Half 
Avg. 
Shannon 
Diversity in 
Bottom Half 
Comparison 
of 2 cm 
Intervals 
Comparison 
of Core 
Halves 
Avg. 
Shannon 
Diversity in 
Top Half 
Avg. 
Shannon 
Diversity in 
Bottom Half 
Comparison 
of 2 cm 
Intervals 
Anona p = 0.668 7.829 7.878 p = 0.595 NA NA NA NA 
Ewing Bank p = 0.948 7.784 7.778 p = 0.888 p < 0.001 4.843 4.672 p < 0.001 
Halo p = 0.007 8.406 8.806 p = 0.301 NA NA NA NA 
Mica p = 0.040 7.189 7.719 p = 0.479 p = 0.120 4.720 4.527 p = 0.616 
Viosca Knoll p < 0.001 7.795 8.385 p = 0.007 p = 0.002 4.684 4.758 p = 0.096 
Near the Shipwreck 
Site 
Whole Community (2 – 200 m) Core Community (2 – 200 m) 
Comparison 
of Core 
Halves 
Avg. 
Shannon 
Diversity in 
Top Half 
Avg. 
Shannon 
Diversity in 
Bottom Half 
Comparison 
of 2 cm 
Intervals 
Comparison 
of Core 
Halves 
Avg. 
Shannon 
Diversity in 
Top Half 
Avg. 
Shannon 
Diversity in 
Bottom Half 
Comparison 
of 2 cm 
Intervals 
Anona p = 0.305 7.976 8.100 p = 0.070 NA NA NA NA 
Ewing Bank p = 0.323 7.803 7.914 p = 0.951 p < 0.001 4.831 4.691 p < 0.001 
Halo p = 0.090 8.794 9.034 p = 0.176 NA NA NA NA 
Mica p = 0.107 7.874 8.138 p = 0.459 p = 0.006 4.905 4.749 p = 0.258 
Viosca Knoll p < 0.001 8.054 8.670 p < 0.001 p < 0.001 4.693 4.785 p = 0.055 
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Table 1.6 (continued). 
 
Away from the Shipwreck 
Site 
Whole Community (300 – 1000 m) Core Community (300 – 500 m) 
Comparison 
of Core 
Halves  
Avg. 
Shannon 
Diversity in 
Top Half 
Avg. 
Shannon 
Diversity in 
Bottom Half 
Comparison 
of 2 cm 
Intervals  
Comparison 
of Core 
Halves  
Avg. 
Shannon 
Diversity in 
Top Half 
Avg. 
Shannon 
Diversity in 
Bottom Half 
Comparison 
of 2 cm 
Intervals  
Anona p = 0.299 7.457 7.309 p = 0.826 NA NA NA NA 
Ewing Bank p = 0.001 7.727 7.369 p = 0.038 p < 0.001 4.893 4.580 p < 0.001 
Halo p < 0.001 7.630 8.352 p < 0.001 NA NA NA NA 
Mica p = 0.100 5.911 6.706 p = 0.347 p = 0.399 4.129 3.833 p = 0.740 
Viosca Knoll p < 0.001 7.053 7.624 p = 0.025 p = 0.782 4.643 4.652 p = 0.761 
NA = Not Applicable 
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Table 1.7 Distance-decay relationships (DDRs) of whole bacterial communities. 
Bold p-values indicate a significant relationship. 
Whole Bacterial Community 
Site 
Whole Core (0-18 cm) 
Whole Transect Samples Separated by < 200 m  Samples Separated by > 200 m 
Slope Adj. R2 p-value Slope Adj. R2 p-value Slope Adj. R2 p-value 
Ewing Bank 0.0033 0.0055 < 0.001 0.0105 0.0028 0.003 -0.0985 0.0463 < 0.001 
Mica 0.0113 0.0876 < 0.001 0.0107 0.0032 0.014 0.0744 0.1179 < 0.001 
Viosca Knoll 0.0056 0.0200 < 0.001 0.0524 0.0746 < 0.001 0.0485 0.0182 < 0.001 
Site 
Top Core (0-10 cm) 
Whole Transect Samples Separated by < 200 m  Samples Separated by > 200 m 
Slope Adj. R2 p-value Slope Adj. R2 p-value Slope Adj. R2 p-value 
Ewing Bank 0.0046 0.0079 < 0.001 0.0131 0.0026 0.073 -0.1366 0.0785 < 0.001 
Mica 0.0106 0.0601 < 0.001 0.0068 -0.0006 0.415 0.1012 0.1875 < 0.001 
Viosca Knoll 0.0068 0.0334 < 0.001 0.0576 0.1117 < 0.001 0.0810 0.0868 < 0.001 
Site 
Bottom Core (10-18 cm) 
Whole Transect Samples Separated by < 200 m  Samples Separated by > 200 m 
Slope Adj. R2 p-value Slope Adj. R2 p-value Slope Adj. R2 p-value 
Ewing Bank 0.0052 0.0173 < 0.001 0.0155 0.0087 0.017 -0.1206 0.1127 < 0.001 
Mica 0.0180 0.2665 < 0.001 0.0287 0.0480 < 0.001 0.0550 0.1237 < 0.001 
Viosca Knoll 0.0061 0.0268 < 0.001 0.0299 0.0082 0.093 0.0595 0.1089 < 0.001 
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Table 1.8 Distance-decay relationships (DDRs) of core bacterial communities. 
Bold p-values indicate a significant relationship. 
Core Bacterial Community 
Site 
Whole Core (0-18 cm) 
Whole Transect Samples Separated by < 200 m  Samples Separated by > 200 m 
Slope Adj. R2 p-value Slope Adj. R2 p-value Slope Adj. R2 p-value 
Ewing Bank 0.0080 0.0064 < 0.001 0.0087 0.0001 0.275 -0.2388 0.0562 < 0.001 
Mica 0.0331 0.1219 < 0.001 0.0478 0.0130 < 0.001 0.3330 0.3013 < 0.001 
Viosca Knoll 0.0215 0.0464 < 0.001 0.1063 0.0506 < 0.001 0.2447 0.0725 < 0.001 
Site 
Top Core (0-10 cm) 
Whole Transect Samples Separated by < 200 m  Samples Separated by > 200 m 
Slope Adj. R2 p-value Slope Adj. R2 p-value Slope Adj. R2 p-value 
Ewing Bank 0.0126 0.0140 < 0.001 0.0010 -0.0007 0.517 -0.353 0.1133 < 0.001 
Mica 0.0317 0.0959 < 0.001 0.0493 0.0114 0.007 0.3414 0.2997 < 0.001 
Viosca Knoll 0.0277 0.0811 < 0.001 0.1207 0.0757 < 0.001 0.3473 0.2089 < 0.001 
Site 
Bottom Core (10-18 cm) 
Whole Transect Samples Separated by < 200 m  Samples Separated by > 200 m 
Slope Adj. R2 p-value Slope Adj. R2 p-value Slope Adj. R2 p-value 
Ewing Bank 0.0122 0.0132 < 0.001 0.0181 0.0001 0.302 -0.2526 0.0669 < 0.001 
Mica 0.0470 0.2137 < 0.001 0.0758 0.0360 0.001 0.3690 0.3778 < 0.001 
Viosca Knoll 0.0186 0.0344 < 0.001 0.1173 0.0605 < 0.001 0.2311 0.0776 < 0.001 
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Table 1.9 Distance-decay relationships (DDRs) of whole archaeal communities. 
Bold p-values indicate a significant relationship. 
Whole Archaeal Community 
Site 
Whole Core (0-18 cm) 
Whole Transect Samples Separated by < 200 m  Samples Separated by > 200 m 
Slope Adj. R2 p-value Slope Adj. R2 p-value Slope Adj. R2 p-value 
Ewing Bank 0.0089 0.0175 < 0.001 0.0277 0.0080 < 0.001 0.0162 -0.0001 0.353 
Mica 0.0228 0.0847 < 0.001 0.0751 0.0446 < 0.001 -0.0375 0.0104 < 0.001 
Viosca Knoll 0.0158 0.0517 < 0.001 0.0812 0.0606 < 0.001 0.0376 0.0090 0.001 
Site 
Top Core (0-10 cm) 
Whole Transect Samples Separated by < 200 m  Samples Separated by > 200 m 
Slope Adj. R2 p-value Slope Adj. R2 p-value Slope Adj. R2 p-value 
Ewing Bank 0.0071 0.0076 < 0.001 0.0463 0.0158 < 0.001 -0.0601 0.0062 0.062 
Mica 0.0320 0.0951 < 0.001 0.1375 0.0966 < 0.001 -0.1306 0.0599 < 0.001 
Viosca Knoll 0.0166 0.0413 < 0.001 0.0913 0.0604 < 0.001 0.0498 0.0073 0.069 
Site 
Bottom Core (10-18 cm) 
Whole Transect Samples Separated by < 200 m  Samples Separated by > 200 m 
Slope Adj. R2 p-value Slope Adj. R2 p-value Slope Adj. R2 p-value 
Ewing Bank 0.0197 0.1126 < 0.001 0.0044 -0.0017 0.680 0.0567 0.0177 0.029 
Mica 0.0246 0.1452 < 0.001 0.0374 0.0199 0.009 0.0433 0.0326 0.007 
Viosca Knoll 0.0201 0.0899 < 0.001 0.1001 0.1172 < 0.001 0.0501 0.0385 0.002 
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Table 1.10 Distance-decay relationships (DDRs) of core archaeal communities. 
Bold p-values indicate a significant relationship. 
Core Archaeal Community 
Site 
Whole Core (0-18 cm) 
Whole Transect Samples Separated by < 200 m  Samples Separated by > 200 m 
Slope Adj. R2 p-value Slope Adj. R2 p-value Slope Adj. R2 p-value 
Ewing Bank 0.0181 0.0133 < 0.001 0.0425 0.0033 0.001 -0.0046 -0.0008 0.911 
Mica 0.0454 0.0786 < 0.001 0.1668 0.0514 < 0.001 -0.0390 0.0011 0.148 
Viosca Knoll 0.0315 0.0373 < 0.001 0.1438 0.0348 < 0.001 0.0879 0.0050 0.011 
Site 
Top Core (0-10 cm) 
Whole Transect Samples Separated by < 200 m  Samples Separated by > 200 m 
Slope Adj. R2 p-value Slope Adj. R2 p-value Slope Adj. R2 p-value 
Ewing Bank 0.0138 0.0061 0.002 0.0705 0.0076 0.005 -0.1839 0.0134 0.012 
Mica 0.0660 0.1088 < 0.001 0.3054 0.1322 < 0.001 -0.1928 0.0344 < 0.001 
Viosca Knoll 0.0298 0.0267 < 0.001 0.1089 0.0050 0.108 0.1413 0.0281 < 0.001 
Site 
Bottom Core (10-18 cm) 
Whole Transect Samples Separated by < 200 m  Samples Separated by > 200 m 
Slope Adj. R2 p-value Slope Adj. R2 p-value Slope Adj. R2 p-value 
Ewing Bank 0.0455 0.0826 < 0.001 -0.0056 -0.0020 0.850 0.1750 0.0187 0.026 
Mica 0.0498 0.1145 < 0.001 0.1020 0.0238 0.005 0.1963 0.0931 < 0.001 
Viosca Knoll 0.0422 0.0624 < 0.001 0.1817 0.0605 < 0.001 0.1868 0.0316 0.004 
 
 
  
9
5
 
Table 1.11 Results of simple linear regression for sediment geochemistry and porosity. 
Simple linear regressions were performed using the geochemical measurement or porosity as the response variable and distance from the shipwrecks or sediment depth as the predictor variable. Bold p-
values indicate significant results 
Measurement 
Ewing Bank Wreck  Mica Wreck  Viosca Knoll Wreck  
Distance from 
the Shipwreck Sediment Depth 
Distance from the 
Shipwreck Sediment Depth 
Distance from the 
Shipwreck Sediment Depth 
Adj. R2 p-value Adj. R2 p-value Adj. R2 p-value Adj. R2 p-value Adj. R2 p-value Adj. R2 p-value 
TC (%) -0.0077 0.3812 -0.0371 0.8533 -0.0173 0.4658 0.1037 0.0527 0.0434 0.1170 -0.0115 0.4436 
TOC (%) 0.0144 0.2484 0.5906 < 0.0001 0.2425 0.0045 0.0094 0.2728 0.0610 0.0792 -0.0289 0.8958 
TIC (%) -0.0347 0.7622 0.0818 0.0764 0.0132 0.2538 0.0616 0.1079 0.0893 0.0427 -0.0099 0.4237 
𝛿13CTOC (0/00) -0.0272 0.5971 0.2616 0.0032 0.1248 0.0367 0.2231 0.0065 -0.0111 0.4384 0.4513 < 0.0001 
TN (%) 0.0383 0.1617 -0.0340 0.7391 -0.0173 0.4688 -0.0375 0.8757 -0.0071 0.3919 0.0218 0.1909 
TOC:N 0.3814 0.0003 -0.0209 0.5090 0.4771 < 0.0001 0.1227 0.0380 -0.0292 0.0929 0.0389 0.1293 
Porosity (%) 0.0033 0.2576 0.6458 < 0.0001 -0.0070 0.5331 0.6210 < 0.0001 -0.0077 0.5642 0.6562 < 0.0001 
TC = Total Carbon 
TOC = Total Organic Carbon 
TIC = Total Inorganic Carbon 
𝛿13CTOC = Stable Carbon Isotope Ratio 
TN = Total Nitrogen 
TOC:N = Total Organic Carbon to Nitrogen Ratio 
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Table 1.12 Minimum and maximum values of sediment geochemistry and porosity for each site. 
Measurement 
Ewing Bank Wreck Mica Wreck Viosca Knoll Wreck Green Canyon 248 
Minimum Maximum Minimum Maximum Minimum Maximum Minimum Maximum 
TC (%) 6.264 8.174 8.574 13.977 11.957 15.788 8.434 8.771 
TOC (%) 2.869 3.842 3.837 7.005 6.289 7.241 2.734 3.025 
TIC (%) 2.590 4.906 3.952 8.022 5.170 9.499 5.595 5.843 
𝛿13CTOC (0/00) -21.278 -17.575 -16.291 -7.877 -14.825 -11.777 -19.054 -17.770 
TN (%) 0.099 0.407 0.114 0.455 0.175 0.433 0.303 0.333 
TOC:N 20.195 26.691 24.916 57.730 30.146 43.972 24.455 25.655 
Porosity (%) 75.6 91.5 75.7 92.0 77.2 93.8 79.6 87.9 
TC = Total Carbon 
TOC = Total Organic Carbon 
TIC = Total Inorganic Carbon 
𝛿13CTOC = Stable Carbon Isotope Ratio 
TN = Total Nitrogen 
TOC:N = Total Organic Carbon to Nitrogen Ratio 
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Table 1.13 Results of bioenv analysis and partial Mantel tests. 
Bioenv analysis determined the best variable combination using Spearman rank correlation. Partial Mantel tests determined the correlation between the best variable 
combination and the core microbiomes. Bold p-values indicate significant partial Mantel test results. 
Bacteria 
Site 
Bioenv Analysis Partial Mantel Tests 
Best Variable 
Combination 
Spearman rank 
correlation (ρ) Mantel r p-value 
Ewing Bank Porosity, TN, TIC 0.5737 0.3820 0.0001 
Mica Porosity, TOC:N 0.3458 0.1056 0.2639 
Viosca Knoll Porosity 0.2105 0.2735 0.0035 
Archaea 
Site 
Bioenv Analysis Partial Mantel Tests 
Best Variable 
Combination 
Spearman rank 
correlation (ρ) Mantel r p-value 
Ewing Bank Porosity, 𝛿13CTOC, TN 0.5834 0.3203 0.0009 
Mica TOC:N 0.1911 0.1198 0.2411 
Viosca Knoll TN 0.1031 -0.0448 0.5331 
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Figure 1.1 Map of study sites. 
Arrows represent the direction that the linear sediment transect extends from the shipwreck. 
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Figure 1.2 Sampling points taken at distance (m) along a single, linear transect from the shipwrecks. 
The 2 m and 1000 m points were the end members of the transect. The 1000 m end member was considered as a reference core for the site because the shipwreck’s avoidance zone is defined 
to be 1000 m by BOEM. 
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Figure 1.3 Divisive hierarchical clustering of shipwrecks based on properties of the 
overlying water column and of the shipwrecks. 
Hierarchical clustering was performed using Gower’s coefficient on a similarity matrix that was constructed from shipwreck 
characteristics and overlying water column properties. The dendrogram shows how sites cluster together (Panel A), while the elbow 
plot validates the optimum number of clusters (Panel B). 
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Figure 1.4 Bar plot of the average relative abundance of core sediment bacterial genera found at all shipwreck and reference 
sites. 
Taxonomy was assigned at 99% similarity to the SILVA 132 reference database. However, not all taxonomy could be assigned at the genus level. For shipwrecks, each bar represents the 
average relative abundance at a point along the site’s transect. For reference sites, each bar represents the average relative abundance at that site. 
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Figure 1.5 Bar plot of the average relative abundance of core sediment bacterial genera found at all shipwrecks. 
Taxonomy was assigned at 99% similarity to the SILVA 132 reference database. However, not all taxonomy could be assigned at the genus level. Each bar represents the average relative 
abundance at a point along the site’s transect. 
  
1
0
3
 
 
Figure 1.6 Bar plot of the average relative abundance of core sediment bacterial genera found at similar shipwrecks. 
Taxonomy was assigned at 99% similarity to the SILVA 132 reference database. However, not all taxonomy could be assigned at the genus level. Each bar represents the average relative 
abundance at a point along the site’s transect. 
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Figure 1.7 Bar plot of the average relative abundance of core sediment bacterial genera found at individual sites. 
Taxonomy was assigned at 99% similarity to the SILVA 132 reference database. However, not all taxonomy could be assigned at the genus level. For shipwrecks, each bar represents the 
average relative abundance at a point along the site’s transect. For reference sites, each bar represents the average relative abundance at that site. 
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Figure 1.8 Bar plot of the average relative abundance of core sediment archaeal genera found at all shipwreck and reference 
sites. 
Taxonomy was assigned at 99% similarity to the SILVA 132 reference database. For shipwrecks, each bar represents the average relative abundance at a point along the site’s transect. For 
reference sites, each bar represents the average relative abundance at that site. 
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Figure 1.9 Bar plot of the average relative abundance of core sediment archaeal genera found at all shipwrecks. 
Taxonomy was assigned at 99% similarity to the SILVA 132 reference database. Each bar represents the average relative abundance at a point along the site’s transect. 
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Figure 1.10 Bar plot of the average relative abundance of core sediment archaeal genera found at similar shipwrecks. 
Taxonomy was assigned at 99% similarity to the SILVA 132 reference database. However, not all taxonomy could be assigned at the genus level. Each bar represents the average relative 
abundance at a point along the site’s transect. 
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Figure 1.11 Bar plot of the average relative abundance of core sediment archaeal genera found at individual sites. 
Taxonomy was assigned at 99% similarity to the SILVA 132 reference database. However, not all taxonomy could be assigned at the genus level. For shipwrecks, each bar represents the 
average relative abundance at a point along the site’s transect. For reference sites, each bar represents the average relative abundance at that site.  
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Figure 1.12 Principal coordinates analysis (PCoA) plots showing differences in 
community structure based on core microbiome group. 
PCoA plots were constructed from an amplicon sequence variant (ASV) table that was normalized using cumulative sum scaling and 
based on Bray-Curtis similarity. Panels A and B visualize core bacterial community structures in 2- and 3-dimensions, respectively. 
Panels C and D visualize core archaeal community structures in 2- and 3-dimensions, respectively. Each point represents a single 
sample within a specific core microbiome group. 
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Figure 1.13 Scatterplots with linear regression analysis of whole community bacterial diversity with distance from the shipwrecks. 
Diversity was calculated for ASV count tables using the Shannon Index. Each point represents the diversity of the whole community in a single sample. The coefficients of determination (Adj. R2) and 
significance (p-value) are indicated.  
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Figure 1.14 Scatterplots with linear regression analysis of core bacterial diversity with 
distance from the shipwrecks. 
Diversity was calculated for ASV count tables using the Shannon Index. Each point represents the diversity within a single sample of 
the sediment core microbiome associated with the wooden shipwrecks. The coefficients of determination (Adj. R2) and significance 
(p-value) are indicated.  
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Figure 1.15 Scatterplots with linear regression analysis of whole community archaeal diversity with distance from the shipwrecks. 
Diversity was calculated for ASV count tables using the Shannon Index. Each point represents the diversity of the whole community in a single sample. The coefficients of determination (Adj. R2) and 
significance (p-value) are indicated.  
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Figure 1.16 Scatterplots with regression analysis of core archaeal diversity with distance 
from the shipwrecks. 
Diversity was calculated for ASV count tables using the Shannon Index. Each point represents the diversity within a single sample of 
the sediment core microbiome associated with the wooden shipwrecks. The coefficients of determination (Adj. R2) and significance 
(p-value) are indicated.  
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Figure 1.17 Distance-decay curves (DDCs) of the whole bacterial community. 
DDCs were constructed by plotting log-transformed Bray-Curtis similarities against log-transformed geographic distances. Linear regressions were performed on all data (Panels A, B, and 
C), on samples separated by less than 200 m (Panels D, E, and F), and on samples separated by more than 200 m (Panels G, H, and I). 
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Figure 1.18 Distance-decay curves (DDCs) of the core bacterial community. 
DDCs were constructed by plotting log-transformed Bray-Curtis similarities against log-transformed geographic distances. Linear regressions were performed on all data (Panels A, B, and 
C), on samples separated by less than 200 m (Panels D, E, and F), and on samples separated by more than 200 m (Panels G, H, and I). 
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Figure 1.19 Distance-decay curves (DDCs) of the whole archaeal community. 
DDCs were constructed by plotting log-transformed Bray-Curtis similarities against log-transformed geographic distances. Linear regressions were performed on all data (Panels A, B, and 
C), on samples separated by less than 200 m (Panels D, E, and F), and on samples separated by more than 200 m (Panels G, H, and I). 
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Figure 1.20 Distance-decay curves (DDCs) of the core archaeal community. 
DDCs were constructed by plotting log-transformed Bray-Curtis similarities against log-transformed geographic distances. Linear regressions were performed on all data (Panels A, B, and 
C), on samples separated by less than 200 m (Panels D, E, and F), and on samples separated by more than 200 m (Panels G, H, and I). 
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Figure 1.21 Scatterplots with regression analysis of geochemical measurements with distance at the Ewing Bank Wreck. 
Coefficients of determination (Adj. R2) and significance (p-value) are shown for total carbon concentration (Panel A), total organic carbon concentration (Panel B), total inorganic carbon concentration 
(Panel C), stable carbon isotope ratio (Panel D), total nitrogen concentration (Panel E), and total organic carbon to nitrogen ratio (Panel E). Error bars represent standard deviation of duplicate samples. 
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Figure 1.22 Scatterplots with regression analysis of geochemical measurements with distance at the Mica Wreck. 
Coefficients of determination (Adj. R2) and significance (p-value) are shown for total carbon concentration (Panel A), total organic carbon concentration (Panel B), total inorganic carbon concentration 
(Panel C), stable carbon isotope ratio (Panel D), total nitrogen concentration (Panel E), and total organic carbon to nitrogen ratio (Panel E). Error bars represent standard deviation of duplicate samples. 
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Figure 1.23 Scatterplots with regression analysis of geochemical measurements with distance at the Viosca Knoll Wreck. 
Coefficients of determination (Adj. R2) and significance (p-value) are shown for total carbon concentration (Panel A), total organic carbon concentration (Panel B), total inorganic carbon concentration 
(Panel C), stable carbon isotope ratio (Panel D), total nitrogen concentration (Panel E), and total organic carbon to nitrogen ratio (Panel E). Error bars represent standard deviation of duplicate samples. 
 121 
 
Figure 1.24 Scatterplots with regression analysis of sediment porosity with distance from 
the wooden-hulled shipwrecks. 
Coefficients of determination (Adj. R2) and significance (p-value) are indicated. 
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APPENDIX A Sequence Quality and Coverage 
Table A.1 Average sequence retention for whole bacterial and archaeal communities at 
each site. 
Site 
Distance 
(m) 
Number 
of 
Samples 
Bacteria/ 
Archaea 
Avg. 
Sequences 
after 
Quality 
Control 
Bacteria 
Avg. 
Sequences 
after 
Quality 
Control 
Archaea 
Avg. % 
Sequences 
after 
Quality 
Control 
Bacteria 
Avg. % 
Sequences 
after 
Quality 
Control 
Archaea 
Anona 2 9/9 22275 49920 45.1 82.3 
 25 17/15 16138 14085 51.5 49.0 
 50 6/6 19381 36157 43.4 81.9 
 75 9/9 17042 18261 49.4 60.9 
 100 9/8 19693 15096 52.2 58.3 
 150 9/9 22977 19377 50.5 46.1 
 200 9/5 16657 9828 55.3 60.8 
 300 9/9 5168 3870 43.9 58.4 
 500 9/7 5466 4595 47.2 51.0 
 1000 9/8 5548 4370 43.5 59.2 
       
Ewing Bank 2 9/9 20778 35465 48.5 65.5 
 25 18/17 15464 13987 54.3 75.7 
 50 9/9 20579 47721 43.6 84.3 
 75 9/9 16294 17727 56.0 80.0 
 100 9/9 9998 29727 35.7 82.9 
 150 9/9 13529 7820 56.8 68.1 
 200 15/16 13749 25355 46.0 68.8 
 300 7/8 6095 6141 55.6 66.3 
 500 9/9 17470 8741 56.9 59.3 
 1000 9/9 19328 12443 54.9 69.0 
       
Green Canyon 248 NA 9/9 15683 16055 53.2 53.6 
       
Halo 2 9/9 29103 52117 45.7 68.9 
 50 9/9 22032 38500 54.8 76.8 
 75 9/9 21517 60306 43.9 79.8 
 100 9/9 24369 29846 55.3 74.9 
 150 9/9 26584 53620 45.9 77.9 
 200 9/9 16984 50655 37.5 74.6 
 300 9/9 13936 8766 54.7 65.7 
 500 8/9 22069 13034 55.9 66.9 
 1000 9/9 9116 11827 42.9 6.9 
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Table A.1 (continued). 
Mica 2 9/9 19172 52933 40.1 81.1 
 25 7/8 16154 15773 47.9 44.0 
 50 9/9 16164 34867 44.5 79.1 
 75 9/8 17224 18829 50.8 64.0 
 100 9/8 13764 43254 43.4 80.6 
 150 9/7 19629 27494 49.6 69.6 
 200 7/8 9731 6266 58.2 55.5 
 300 9/9 5687 1271 46.4 1.7 
 500 8/9 4128 2891 42.9 2.9 
 1000 9/9 5008 4771 42.7 31.4 
       
Viosca Knoll 2 9/9 15828 36268 40.0 81.8 
 25 9/9 23368 32720 43.3 73.7 
 50 9/9 21410 26477 45.4 78.5 
 75 9/9 21283 32099 41.9 79.4 
 100 9/9 23501 35759 44.7 78.1 
 150 9/9 23807 38099 46.4 76.4 
 200 18/18 17859 23093 44.0 65.2 
 300 9/8 16138 3856 49.8 47.3 
 500 9/9 13158 4636 51.2 74.8 
  1000 9/9 13169 3159 50.0 62.5 
NA = not applicable      
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Figure A.1 Rarefaction curves of the whole bacterial community constructed from ASV 
count tables. 
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Figure A.2 Rarefaction curves of the whole archaeal community constructed from ASV 
count tables. 
